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I. - INTRODUCTION : -

In recent years ‘tremendous advances in the practice:of‘astrdnomy:have become -
possible by escaping the atmospheric shield surrounding earth-based astronomical
observatories. Earth-orbiting telescopes are unaffected by the-atmosphere and
thus capable of achieving-resolving power that is completely beyond the reach of
terrestrial instruments. Refraction anomalies and background-giow, heretofore
inherent 1imiting factors in celestial observations, are problem areas that have

been successfully eliminated. They have been replaced by problems associated
with maintaining extremely -low optical tolerances in equipment exposed to the
harsh environment of rocket launch and orbit. Nonetheless, the problem of main-
“~ taining small tolerances 1ﬁ construction and alignment is a solvable problem, -
whereaé the problems of accuracy in-land based telescopes can only be .solved up.
to the limit imposed by irregular atmospheric refraction.

As stated, the most critical problem of orbiting telescopes is the main-
tenance of -accuracy .in construction and alignment. ' This problem is compounded
by the uncertainty of .the distiirbances which affect the telescope during launch
and in orbit. For this reason the critical parts of the"instruments»mustvbé
designed to be as insensitive as possible to external disturbances. There are a
number of ways this "passive control" of optical surfaces may be provided.

In addition to the passive shie]ding method, it is necessary to consider
slightly more elaborate techniques to actively control some of the most critical
optical surfaces. The object of these "active" methods is not to replace the
passive shielding, -but to nullify the effects of those disturbances that cannot
be predicted and adequately compensated by -passive means.

The most critical surface on an orbiting telescope is the primary mirror.
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The 1imits on the resolving power of the instruments are imposed by the size and
precision of the surface. For'thTS'reason;“a'number'of'studieS‘have considered
the "active" suppression of surface irregularities (1, 2).." Such-an approach to
the problem has proven to be entirely feasible and these' studies are continuing.
The active mirror‘studies'whiqh'have'been'pérformed thus .far have considered the
use of either external forces on the back of the mirror-or segmented mirrors to
control the shape of the mirror surface (3). "It has-been shown that an overall
improvement in the surface figure may be achieved in this manner and that such
a figure compensation can be performed automatically in a servo control mode (4).
Having determined that active control of the mirror surface is feasible and-
“desirable, attention is-directed to the determination of ‘the best way to mechanize
the controlled flexing of the surface. To this end such things as cost, weight,
reliability and range of-operation must be considered in the selection of the
best means of implementation.

The results of a study of the feasibility of an active method of surface.
error control using thermal elements are presented in this report. It is shown
that the control effort of the thermal elements' is sufficient for the purpose,
and that such benefits as low cost, Tow weight and high reliability may be
achieved in conjunction with a significant reductionin the mirror surface error

figure.



IT. ANALYTICAL -APPROACH -

'Intrqdqction
To accomplish the'objegtives\of'this-research»it%was-necessary'to\formulatq
a-thermoelastic"response model of -the primary .mirror which' could be ‘used to
~simulate the response of the structure to-disturbances -and -to-controlled thermal
inputs. -In-addition-the-control strategies for the active system were developed
~-through -the -use of :the response -model.
The features that were included in the response model were as follows:.
(a) steady state thermal response
(b) transient thermal response:
(c) structural response .corresponding to a and b
(d) -generation of the influence matrix (thermal input .- surface de-
flection output) for use with the-control program.
The features that were included in the control program -were:
(a) -arbitrary contro]~and:output-node'selection
-+~ (b): free thermal-expansion removal
(c) optimal mean-squared thermal control  computation

+{d) surface -error computation.

Concepts of-Discretization

Due’ to the-axisymmetric geometry -of -the -unperturbed -mirror it was decided,
~after preliminary-investigation, to use-modal -decomposition in-one dimension:

(angular) and to use a two dimensional” finite element -discretization in the

radial and longitudinal coordinates. Such a system had been shown to give

highly reliable results in work done on solid rocket grains by Wilson (5) and-
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was familiar to one of “the  authors. ~It was" feltthat $ucha method would be superior
1n'mény‘respect5‘t0'a=comp]ete'threefdimension“finitefe1ementwdfscretization if-the
number of angu1ar'mode5‘arising*from=unsymmetricaﬂfdfstufbance-and“thermal-contro]
ex¢itation were small.

The angular span of the‘therma]'patcheswwere'on*thE“order'of-10°, which results
in a significant numbér of harmonics necessaryttO‘characterize“their'input:effect;
(Early in -the work“we}wereupreparedfto use 100 modes in the analysis). However,
the inverse of .the thermal  coefficient matrix-C which is.obtained after the:
discretizafibn-isacomp1eted'qontainS'e1ementS'that are*proportiona] to n'z, where
" n'is the order of the mode. ' Therefore, the temperature-of the mirror is affected
by any mede of.a patch in proportion to the: inverse ‘square of the order ofthe
mode. - This.has ‘the effect .of reducing the total number-of modes used for each-
patch, since the higher-order'harmonics-are'attenuated‘t0'su¢h an extent that
- their presencezis inconsequentia1;-‘It,has been' shown that a truncation after

“ten modes for a 10° patch angle results in a temperature-error less than % at
any point-in ‘the mirror.

Due to the-abi]ity.of"this program to function with a very small number of -
radial modes, it .is -estimated that a-savings of 90% in total number of cemputations:
and §9%f1n storage' locations is made over a full three dimensional finite element-
model. '

Onevdisadvantage'of the discretization scheme is-the necessity for a large
storage to compute.a true transient response in time.  For-example, to compute
the-defbrmation of the structure at time t;, it is necessary to compute the
noda]‘temperatures~of-the two dimensional” finite element models corresponding to
all angular modes’, sum the temperatures, and compute the-deformation. If the

~ ‘process ‘is to be repeated at a later time t,, then all of the nodal temperatures
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for every mode must be computed and stored-at time t,.
"This amount of storage was not available to us, so we programmed the transient
loop to compute the structural response at times t;, ty, t3, ... etc., starting

each computation at t = 0. This replaces storaged needed by increased run time.

Thermal‘Response“qumu1ation

The first stage of a thermoelastic response is the determination of the
temperature field, T(r,0,z,t) that exists in the mirror, The temperature is

governed by the partial differential- equation

V2T = EET, (11-1)
with boundary conditions

q = -an on the bottom

q =--an 0 on -the sides

and

- q = kT = -e(T* - Tg) on the front

for the geometry shown in Figure II-1.



y-z Section

Figure II-1

This problem may be reformulated as a variational prob1em'where the variation
is
8d = f[va . 08T + c,thvsT]dv + fa «n&TdS = 0 (I1-2)

v S

If the modal decomposition of u and q

T(r,0,z,t) = z Tn(r,z,t) cos no + 2 S (r z,t) sin no
n=1

[+ ]

q-+.n-= zpncosne+ z qp sin noe

n=0 - n=l

are substituted into II-2 and reduced the result is -



‘ aT 98T 2 aT 36T - . oT
n__n_n : n __m n
8 .‘. [k( —+ o T 8T+ =)+ pCr GTd]rdA

ar ar 9z 3z at
A
+ fpnst.nrde =0, n=20,1,2, ... (11-3a)"
C
where 8, = 1 forn #.0
8, = 2, n=20
and
S 3S 2 39S, a8S_ . 3S
n 3 n n n n
ﬁk(a_r'SF 8y * 77 5%y * 3z 5z ) F e T 03y A
A 4
+ f qnds-nr'ds =0, n=1,2, ... . (I1-3b) -
Cc

The;finite,e]ement~discretizationf1s obtained-1n1f1q]1y by designating nodes in-
the r, 2z p1ane and‘identifying.triangu1ar'areaS'between»node‘sets. The equations
I1-3 hold over any area in the r-z plane and in particular over the triangular
finite;e]emént'areas; Within each triangular area it is assumed that the variation
of:Tn(Sn) is a linear function ofr and z. The discretization will be carried out
for the cosine modes -only (Th(r,z,t)) the sine modes -are very similar.

For the purposes of this feasib?]ity study ‘the initial temperature was
" assumed uniform:throughout the-mirror, the sink for front: surface radiation was
“uniform and-the patches were heated one“at.a time. Within these restrictions the

température distribution was symmetric with respect to a diametral plane through
the.cénter of the patch. Because of this the temperature and displacement fields
were calculated with the patch at the‘éorrectvrad1a1 position but centered about

the x-axis. Then the temperature and displacement fields were rotated about the
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Figure II-2

z-axis -until :the patch was in the correct angular position.~ Then -the: displacement
field was given a rigid body displacement to make the axial displacements zero
at.the supports. 'Because.of‘this procedure it was on1y<necessary to retain the
cosine terms in the temperature field and the terms that are indicated later in -

the three displacement fields.

T(r,z,t) = [1 r 2] [a ()] = ota(t) (11-4)
ap(t)
az(t)
The value of T may be computed at the LEh-corner of the triangle
T, 1 rn z
Tl =1 rp Zo| a
T3 1 r3 2zj

or



n n
an = ATn

_ t
T=oAT, (11-5)

When I11-5 is substituted into II-3a one has

t t, n2 t t
0 =-6TnA .’.k[¢1¢1 + oz 00+ 00 IrdA AT

A
+ o7 tab f scootrdA AT
n n
A
+ cTntAt '.‘.Qp rdS (11-6)
n
c
t_
where ¢; = (0 1 0)
ot=(001)

Identifying the integrals in II-6 as C, D and q we have

[
CTy * DTy * Oy = 0 )

The triangular elements are grouped by fours to form quadrilaterals as-

shown in Figure II-3.



Figure II-3--

Here .the numbers»in-triang1es'repreSenfﬁtriang]e~corners;:numbers;in squares -
represent quadri]ateré] indicies; and the other numbers represent-elements:

The assembly of the finite elements aré'baéed upon two ideas:

1. Global indexing:of nodal point values related to local ‘element nodal
" point values (Reﬁaming) and

2. Summing the element nodal heat flux to-equal the applied heat flux
(Equilibrium).

The renaming is done by observation as follows:

1 1 2

_ 1 _ T2

Ta - Tz Tl
etc.

The equiTibrium requires

0
N

1]

0
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The reassembly_is done via the renaming and-equilibrium schemes operating on the sets
of element equations 11-7.

'ﬂf?er the quadrilateral elements have'been'fofﬁed“from the-triangular elements,
the index 5 (midd1e 1hdex)'iSfe]iminatedrfrom~the=quadr?TateraT*representation. This
is-a straightforward e]imination'procedure“and"is'not outlined-here.

The' four-index quadrilateral elements are.arranged-to fill the r-z section of

the mirror as indicated in Figure II-4,

N

Figure II-4

Thus a node is located by I, J. " In general the situation is asshown in Figure .II-5.

Ce1-
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"~ Figure II-5
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Here

d b
9y =95 * A * a7 e,

1

C - C < c C
C5i 1oy, g-1 ¥ Ca2Ty, g1+ CsaTr, g ¥ GauTran, o

d

i1

, d d. d
*CaTy, o1 CeaTrey, 9o * GusTrer, o H0neTr, g

+

a a a a -
COiTr, 0% CaTrar, o * CiaTrm, ge1 * Culr, on

b b o b
Tr, 9% Caslp, gn * Can

22°1, 4 !

b
2171, 94 C

-+

¢ I-1, J+1

like D%'termsu

+

In this way.the (I-1) x (J-1) quadrilateral element equations of dimension 4 X4
are corresponding ‘to each mode -are compacted into-ene-equation which is-IM x IM-in
dimension. The coefficient matrices are banded matrices with- a small number of
elements on the band.

. The resulting equation
v ]
CTp + DTy * 9y =0 | (11-8)

is integrated to determine the model temperature Tn.
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_Thermoe1astic»Fprmulation_v

The -temperature field T(r,0,z,t) determined fromthe previous-thermal model
~as modal temperatures‘Tn(r,z,t)-are'thé~inputs'to-thg-thermoe1ast1c response.
The thermoelastic response is the displacement field ui(xl, X2, 'X3,t). The
inertial effects are ignored with the time dependence-coming only from the time -
dependence of .the temperature-field. - -The governing equations will be expressed
in-Cartesian tensor form although they-are implemented in cylindrical coordinates.

The displacements u, must satisfy the Cauchy-Navier equations: -

) - 8T,, =0 (11-9)

. wk,ki + u( j

s oes UL
1,53 T Y5,
within the body and satisfy the boundary conditions

tu. . U. . . = BTn; -
| [au + p(ul’J +u )]nJ_ 8Tn; (I1-10)

kskle Jsl

on the surface of the body. Where x and-u are Lame' elastic constants and 8 is .

related to ‘the linear coefficient of thermal expansion a by
g = al(3)x + 2u)

Equations (II-9 and 10) are equivalent to the variational principle that potential

energy must be stationary for equilibirum. This is-given as:

S v (11-11)
L[Auk’kéi.j + u(ui ¥ + ”j,i)]‘sui ’J._dv =0
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The variational principle was=expressed-in”cyTindrica1-coordfnates‘and”componentsi
of the displacement field Ups Ugs U, - This is not presented due to its length.

The displacement fields were assumed as

ur(r,e;z) = U,(r,z) cos no
n=0-

'U'@(Y‘,’@,Z) = Z -Vn(r,z) 'sin no.

n=1

u‘z'(r,~e',z) = z wn(r,z) €OS no
- n=0

The sine terms for u. and u, and the cosine terms for ug were not retained as
previously explained.

“These  displacement forms were inserted into the variational principle of
Equation (II-11) to obtain individual variational principles for each mode (n).
In addition ‘the modal temperature and displacement fields are assumed to be linear

functions of r and z inside each finite element triangle. Then,

‘where X' = [Up V; Wy Up Vp Wy Us V3 W3l

and

C=-[C;I CplI CsI]

“C. = a, + b.r + d.
C1 ay b1r d1z
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Under these assumptions the variational -principles -become

Con ot a1 _13)
~6PE, =-0 = X (K X + P T) n=.0,l;.... (11-13)

for an interior triangle, and

= = «vbp PT - =0 214)
-8PE =0 6xn(Knxn + P -RnTn), n=-0,1,.... (II-14) .

for a triangle -having an edge on the surface. Where the coefficient matrices Kn’
Ph’ and-Rn can be identified from the integrals in the -variational statement.

The -thermoelastic finite element -equations for a single triangle are similar.
to thg thermal equations. They are-of dimension-nine-due to-the three displacements’
of -the ‘three corners, however; there-is no-rate term. The -assembly of triangles
‘to form quadrilaterals-and the-systematic assembly of the quadrilateral elements

proceeds exactly as in. the case of the thermal -program. For that reason it is not

repeéted here. The -assembled-equations -are-of ‘the form
Khxh + PnTn =0 - (I11-15)

Leﬁ-M = IM x JM then Kh is a square:matrix .of -order 3M, Xn'is~a row vector of -order

3M, Pn is-3M x M-and Th is a-row vector of order M..
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Response'Computation

The_therma] and deflection programs whose -modal-finite-element -discretization

have been-discussed-in the two previous sections yield-the-following.vector matrix-

equations

CT +,DT'=-q, for each ‘mode
and

KX .+ PT-=-0 for -each mode
where

q is-the-vector of nodal heat inputs-
T is the vector of :nodal temperature.
"X is the vector of nodal displacements;

To compute the displacement of any node at.time t-the thermal equation is
integrated-to yield the temperature and the-displacement is computed from the
displacement equation where the nodal heat-input rates q must be inputed.

~ The integration algorithm that was used is as-follows. -
T - Ti-l o
S B
wherevh‘isfthevintégration delta time. The thermal equation via the integration’
algorithm yields

T,.. + T,
2Dy, it T Ty 2. |
(C+ 7 = Ty * 7la; + a5,y)

-17-



In using this procedure to iterate the -nodal - temperatures ;-no problems -in

matrix.inversion were -encountered. The-anticipation-q; , was-removed:by assuming

i+
21
S0y F f(q]"' Q47 )s

a reasonable -assumption-for slowly changing heat-inputs-and-high-iteration rates.:
- -Thedisplacement vector of -the-body -is-obtained:from-the nodal temperature
vector by matrix-inversion-and-muttiplication-in-the-thermo-elastic-equation. No

--problems -with matrix inversion were encountered.
~ When the deflection associated with each successive mode-is computed it is

added -to ‘the preceeding modes. The vector displacement -of -each node is established.
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The Influence;Matrix:Computation-

The influence matrix computation-is -associated with -the-complete steady-state
response of~the*nodes-ofathe'bodyvexcited~by;a~designated*pattern‘of-constant.heatr
~inputs. A subset of the nodes-on-the-front-surface-of -the mirror is assigned:the
“role of output nodes. A pattern -of patches-is specified on the rear of -the mirror.
A unit heat rate is supplied to the patches one-at-a time and the vector of
'1ongitudina1*§teady'statejdef]ection*isfrecordedéA These -deflection vectors are

the -columns of the influence matrix A, where
w=Aq.

w is: the-Tongitudinal-output deflection-vector and q.is the-heat-input vector
-~ .whose components represent-the heat input at each patch.

' This;inf1uehge~matrix may be.used in controel simulation for any-output node"
set -and-patch pattern set which are subsets of -the set-for which the inftuence

“"matrix:is-computed.
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Removal of Free Thermal Expansion

In heating the mirror for controlpurposes-a-significant amount of heat goes
into the free thermal expansion of-the mirror. This deflection does not contribute
to local error smoothing and may be compensated by' refocussing of .the mirror.
Moreover, if retained as part of the -control, it significantly reduces the
sensitivity of the control function. For these reasons the free thermal exbansion
terms are measured and their effect is removed from the:fnfluence matrix.

“Consider ‘the mirror geometry shown in Figure 11-6.

Original Surface

Support Point

\L_ Free Thermal Expansiom
Surface

Figure II-6
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The difference-in the two reference spheres ‘s

(o . gy [SOS O _
y =Ry - R) [ggemg— - 1]

The best fit sphere is found by -minimizing the functional

Cd= 2 (W= Ya)?
SR P

where wij is -the displacement-bf-the'ijzh:surfacernodal-point-due*to'heatjinput

on the rear.

The minimjzation yields
cos ‘0,
1]

IZ W

A
{3 "i3rcos 8y

A:RT-R: . [(;OS O.i JZ
IRDIE P el
; lcos g,

which represents -the adjustment of the reference sphere.
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Errqr Computation;and»@ontrq] .
The deflection -of the front of the mirror-is composed of .a disturbance Wp and
control induced deflection

W =.Aq
SO

W= wp + Aq
The front surface error figure is

g = thw s

where Q is a symmetric weighting matrix. Since one may wish to minimize the use

of the control a.control effort cost term
C = qth

is also introduced, where in most cases R is a-diagonal -matrix, whose elements:
reflect the priority associated with control cost versus surface error reduction.

The minimization of-the index,
whow + 'R
under the constraint
W =.wDAq
yields the-optimal control vector

q = =[Afqa + RI™ Afaw,
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and associated best index

~

3 +€ = wptla - QLA + R ATQIwg
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III. DISCRIPTION OF FORTRAN PROGRAMS -
A. RESPONSE -

Purpose
This -program computes the thermoelastic deflection of a set of nodes specified
in an axisymmetric body. Heat is inputed on one surface:of the body and radiates

at the other.

Options
This program provides the following options.
(1) The temperature and deflection of the node'set_may be computed at any time.
(2) The steady state temperature and deflection may be computed.
(3) The influence matrix of surface deflection for a designated heat input

pattern may be.computed.

Input Parameter Definition

Parameter Definition

NUMPAT The total number data cases to beirun.

IM Number of node locétions in the radial direction. Cannot
exceed 15;

JM Number of node locations in.the logitudinal direction,

Cannot exceed 5.

CK Thermal conductivity of the material.

CP Specific heat of the material (0. value indicates steady-
state solution).

CF Radiation coefficient of the front surface.

TO Temperature of radiating reference medium,

"24-.-



Parameter

DELT
NTS
IPRINT
TI

ALF

NM
IS
KM
S2
S3

INFLU

IX

IP
KP

PA

Definition

Integration time.

Number of integration steps.

Number of integration steps between printings.

Initial mirror temperature.

Thermal expansion coefficient,

Young's modulus.

Poission's ratio.

Highest harmonic (angular) component.

Location of radial node of support ring.

Number of angular -divisions. Must not exceed 12.

Angular position of second support (first one.is at.0).

Angular position of third support.

Switch to choose simulation of response or influence

matrix computation,

If INFLU = 0 Program.calculates the response.to heatiﬁé
one patch.

1f INFLU.> 0 Program calculates the thermoelastic in-
fluence coefficient matrix. This mafrix
is written in a data file through I-0
unit 4.

Index of the radial ring on the back at which the modal

boundary conditions are applied.

Radial node of single patch input.

Angular position of single.patch input.

Patch angle for single patch.

-25-



Parameter Definition
PH Heat input.rate.for single patch. (Negative is input

positive is output).

PAN(I) Patch angle for i-th radial node in.full pattern
generation.

DO , Outside diameter of mirror.

DI Inside diameter of mirror.

H Thickness of mirror.:

FNO F-number of the mirror = Focal Length/Diameter of Mirror.

-26-



Input Data Card Listing

Card No.

1

2

Parameter
NUMPAT
M

JM

CK

CpP |
CF

TO
bELT
NTS
IPRINT
TI

ALF

NM
IS
KM
S2
S3
INFLU

IX

-27-

Data Field

1-5
1-5
6-10

11-20

21-30

31-40

41-50

51-60

61-65

66-70

71-80

11-20
21-30
1-5
6-10
11-15
16-20
21-25
26-30

31-35

Format

IS
15
IS5
F10,5
F10.5
F10.5
F10.5
F10,5
I5
IS5
F10.5
F10.5
F10,5
F10.5
15
I
I5
IS
IS5
15

I5



Card No.

S*

S

5+N

6+N

Parametqr
IP
KP
PA
PH

PAN(1)...PAN(7)

PAN(IM-7)...PAN(IM-1)
DO
DI
H

FNO

Cards 2 through 6+N constitute one data set

Data Field

1-5

6-10
11-20
21-30

1-70

1-70
1-10
11-20
21-30

31-40

and - there should be NUMPAT data sets.

*. Used only if INFLU-equals zero.

** Used only if INFLU is greater than zero.
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I5

I5

F10
F10

7F10.5
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Output -of Program -

A. Option INFLU = 0

1. Repeated input data.

2. Table of temperatures and deflection of the node (I=IM, J=JM) for each mode
for a check .of convergence,

3. Table of displacements and temperatures of the nodes on the front surface
before the support constraints are added.

4. Table of displacements of the nodes on the front surface after sypports are

added.

B. ‘Option INFLU = 1
1. Repeated input data.
2. Patch angles of each patch ring.
3. . The displacements of .the nodal -points -on the front surface of the mirxoi

corresponding to each patch location are read into a file.
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Heat-Input,and~Def1ect1onvMeasurementhoints.

The node- distribution for both the front and the rear- of the mirror- is -shown
in Figure III-1. The surface has- IM- concentric nodal- rings and KM nodal rays.
The nodes: occur- at- intersections of: rings and rays.- The nodes are-selected by the
program after mirror dimensions, KM, and-IM are given.

The- nodes for measurement .of surface deflection are chosen in the: control

- program.- Any subset of the full set of nodes may be chosen.

The heat is applied to the rear by patches. The patches extend the entire
distance- between rings and make an angle PAN centered about a ray. Patch Jocation
and-patch angle may: be inputed in the control program.

- Several- typical patch- location patterns are shown in Figure III-2 through

- 111-5.,
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Sample Points on Front Surface

Figure III-1

-31-



oo0oo0oocoo0oooaoaof.

_UDDDDOUDDDDDD

Heat Patch Locations

-Typical Patch-

Figure III-2
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34 Patch Distribution

- Figure III-3
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24 Patch Distribution

Figure I11-4
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12 Patch Distribution

Figure III-5
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B.- - CONTROLS

Purpose .

-This program- computes the patch- heats: necessary-to-minimize the weighted surface.
error of the mirror- taken at designated sample- points, using- designated heater
locations. - In addition it computes the surface error both-before and after applica-

tion of the thermal input.- The disturbance error is computed internally.

- Input- Parameter Definition

- - Parameter - - Definition

IM -Number of nodes in raidal direction
KM -~ Number of angular divisions
DI - - Inner Diameter
DO -~ - Quter Diameter
FNO --- Focal Length/Diameter

- NHP -~ Number of heater locations

- NSP -+ - Number- of  sample points
IHP - Individual heater location
ISP 'Individuallsample point

- A(1,d) . - Coefficients of .the influence matrix

- computed in RESPONSE (read from file)
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Input-Data- Card-Listing -

--€ard No. - --Parameter -+ Data: Field - - Format
1 - IM + 1-5 : I5
1 KM - 6-10 I5:
1 DI - 11-20 F10.5
1 DO - 21-30 F10.5
1 FNO - 31-40 F10.5
2 -~ NHP 1-5 15
2 NSP 6-10 I5
3 - IHP(I) 1-80 1615
4 ISP(1) 1-80 1615

Qutput- of Program- -

)

. - Repeated heat patch points.

2. Repeated sample points.

3. Coefficients of the reduced influence matrix corresponding to the
-heat- patches and- sample-points- selected.

4.- The- surface error of the sample points -before control.

5.- The: performance index before control.

6.- The- performance index after- control.
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IV, - FEASIBILITY- RESULTS

The resu]ts~presented~here-were»obtained for a- small fused-silica mirror
whoéevproperties and- dimensions -are- given in Table IV-1. The deflection patterns
are shown in- Figures IV-1- through-IV-10 for various one patch heater Tocations. -
The mirror is- supported at 120° intervals as- shown in the figures. Figures V-1
through IV-6 show the steady- state deflection patterns for heat inputs of 3 watts
and various- patch locations. Figures IV-8 and IV-9 shows a.transient deflection
-pattern for the same heat rate. - Figures IV-10 and IV-11 show the transient de-
flection of selected points-on the front surface as a function of time. These

-points are- shown in Figure IV-~7.
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SMALL -FUSED- SILICA. MIRROR

*INNER- RADIUS - 0.
*OUTER- RADIUS 20. IN
"THICKNESS - - ,667 IN

- Structural Properties

*SPECIFIC- HEAT .015 BTU/IN3 DEG F
"CONDUCTIVITY .05 BTU/HReINeDEG F
"EMISSIVITY .04

"POISSON'S RATIO A7

"YOUNG'S MODULUS - 106 108 LB/IN?
"COEFFICIENT OF THERMAL EXPANSION - .311¢1075/DEG F,

-Response-Properties

- *NOMINAL- HEATING- POWER -3 WATTS
*THERMAL - TIME- CONSTANT 19- HOURS
Table- IV-1
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Heat Input 1073 BTU/HR<IN?

Patch Location IP = 5, KP = 0
STEADY STATE DEFLECTION (MICRO-INCH)

Figure IV-1
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Heat Input: 1073 BTU/HR-IN2

‘ . Patch Location IP =5, KP = 2
STEADY STATE DEFLECTION (MICRO-INCHES)

Figure IV-2
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Heat Input: 1073 BTU/HReIN2

Patch Location: IP =5, KP = 3
STEADY STATE DEFLECTION (MICRO-INCHES)

Figure IV-3
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Heat Input 1073 BTU/HR'IN2

.Patch Location IP = 10, KP = 1
STEADY STATE DEFLECTION (MICRO-INCHES)

Figure IV-4
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Heat Input 10°3 BTU/HRe*IN2
Patch Location IP = 10, KP = 2
STEADY STATE DEFLECTION (MICRO-INCHES)

Figure IV-5
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Heat Input 1073 BTU/HReIN2

Patch Location IP = 10, KP = 3
STEADY STATE DEFLECTION (MICRO-INCHES)

Figure IV-6
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Transient Response

Heat Input 1073 BTU/HReIN2

Figure IV-7

-46-



" ZERO DEFLECTION CONTOUR

ONE HOUR

Figure IV-8(a)
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ZERO DEFLECTION CONTOUR

TEN HOURS

Figure IV-8(b)
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ZERO DEFLECTION CONTOUR

TWENTY HOURS

Figure IV-8(c)
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~ ZERO DEFLECTION CONTOUR

FIFTY HOURS

Figure IV-8(d)
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 ZERO DEFLECTION CONTOUR

FIFTY-FIVE HOURS

Figure‘IV-B(e)
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1 u MICRO-INCH CONTOUR

FIVE HOURS

Figure IV-9(a)
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1 u INCH CONTOUR

TEN HOURS

Figure IV-9(b)
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1 u INCH CONTOUR

- FIFTY AND FIFTY-FIVE HOURS

Figure IV-9(c)
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- APPENDIX

PROGRAM- LISTING
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~ MAIN

OO0 0O0

1
2

1

3
o
C LO
3100

©500
100
101

2600

<800

PROGRAM TO DETERMINE TEMPERATURE DISTRIBUTION AND
THERMAL DISTORTION OF A MIRROR

PARAMETERS

CP=SPECIFIC HEAT

CK=THERMAL CONDUCTIVITY

CF=RADIATION FACTOR FOR FRONT FACE
TO=REFERENCE TEMPERATURE

I1,J=ROW AND COL INDICES OF GRID PT
R(I+J)r»Z2(I+»J)=COORDINATES OF GRID POINT
IM»UM=MAX VALUES OF I AND J

NCSNUMBER OF THE HARMONIC COMPONENT
TC(I)=TEMPERATURE COMPONENT
DELT=INTEGRATION TIME STEP

NTS=NUMBER OF TIME INTERVALS

ALF=LINEAR COEFFICIENT OF THERMAL EXPANSION
E=YOUNGS MODULUS OF ELASTICITY

V= POISSONS RATIO S

DO=OUTSIDE DIAMETER OF MIRROR

DI=INSIDE DIAMETER OF MIRROR

H=THICKNESS OF MIRROR

FNO=F=NUMBER OF THE MIRROR (FOCAL LENGTH/DO)

DIMENSION AS(15¢15) »DK(15015) »DKK (152 15) ¢ DKKK(15¢15) ¢ IPIVOT(15)

U(15¢15) » INDEX(1502)¢2Z(15¢1) ¢SPP(15) »SPPP(15)/,Q2(15¢15)»
SAP(lS)'SS(15)vSSS(15)'SP(15015)'P1(15115r15)

DIMENSION D(75) ¢R(15¢5)9Z2(15¢5)92C(75¢75¢2)»QR(15)9QB(15,14),
TC(75)rX(75)oA(75075)'Q(75)vQ1(75)gP(14)vF(15215) )
DIMENSION WF(15012)WB(12)rTT(15+12)

DIMENSION HEAT(100)

DIMENSION PAN(14)

INTEGER .S1¢52¢S3

COMMON ReZ

COMMON/STIF/KD KS'PDDPS'PL'

COMMON /CND/CrDrQR»QB

DIMENSION KD(15015915)oKS(15015v15)'PD(ISrSvIS)rPS(lS'Svlu)p
PL(15+5014)9KL(15015¢15)

REAL KD¢KSIKL

OP TO INPUT ALL THE PATCHES

READ (5¢3100)NUMPAT

FORMAT (I5)

DO 72 NU=1sNUMPAT

WRITE(6+6500)

FORMAT(1H1)

READ(5r100) IMrJIM»CK? CPoCFoTODELTsNTS/IPRINTTI
FORMAT(2I5»5F10. 5'2150F10 5) .
READ(S¢101)ALFeE»V

FORMAT(3F10.5) |

WRITE (60102)IMerJMeCKrCPoCF» TO DELT/NTS
WRITE(60107) ALF(E»V
READ(S'd600)NM'IS!KMrSZrSSvINFLU'IX

FORMAT(71I5)

NMP=NM+1 N

WRITE(6,2800)T1

FORMAT(27H INITIAL TEMPERATUREr TI = »F10.5///7/)
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C
C
C

€601

2602

603

2500
<604

2605

€501

WRITE(602601)NMPsKMeIS»S52,S3¢1X

FORMAT(33H NUMBER OF HARMONIC COMPONENTS = 15/
137H NUMBER OF ANGULAR PATCH POSITIONS = »IS5/
231H RADIAL NODE OF SUPPORT RING = »1I5/ .
348H ANGULAR POSITIONS OF SUPPORTS ARE!K = 1r K = »I12¢2X»
410H ANDe» K = 212/
56H IX = ¢IS/)

N1=3

MM=15

LL=15

MAT=IM

FKM=KM

NTP=NTS+1

IM1=IM=~]

M=IM*JM

FUM1=UM=1

FIM1I=IML

IF(INFLULGT.0)GO TO 2500

READ(S522602) IP/KP+PA¢rPH

FORMAT(21I5+2F10.5)

WRITE(602603) IP»KP»PAsPH

FORMAT (52H THERMOELASTIC RESPONSE OF THE MIRROR IS CALCULACTED/
124H RADIAL NODE OF PATCH = 15/
229H ANGULAR POSITION OF PATCH = »I5/
315H PATCH ANGLE = ¢F10.5/
414H PATCH HEAT = +F10.5)

G0 TO 2501

READ(5¢2604) (PAN(I)»I=1,1IM1)

FORMAT(7F10.5)

WRITE(6¢,2605) (I1,PAN(I)»I=1,IM1)

FORMAT (72H THERMOELASTIC INFLUENCE COEFFICIENTS ARE CALCULATED AND
1 WRITTEN ON FILE/

24Xr1HIv5X211HPATCH ANGLE/

3(I5+5X*F10.5))

CONTINUE

PI=3.1415927

GRID GENERATION FOR SPHERICAL MIRROR

READ(50112)00¢DIsHsFNO
WRITE (o0r113) DOsDIrHeFNO
IF(FNO+6T.99) = .GO TO 201
RF=2« *DO*FNO '
RB=RF+H
DR=H/FJM1
SI=.5%xDI/RF
CI=SQRT(1.=SI%*SI)
S0=.5*DO/RF
CO=SART(1.=-50%S0)
THETI=ATAN(SI/CI)
THETO=ATAN(S0/CO)
DTHET=(THETO-THETI)/FIM1
EM=THETI
DO 39 I=1+,IM
RR=RB
DO 38 J=1rJM
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OO0 OO0

C
C

C

C
C

C

R(IvJ)=RR*SIN(EM)

+ ZLI19J) ZRB=RR*COS (EM)

38

201

200
202

RR=RR=-DK
EMZEM+DTHET

G0 TO 202
DH=.5%(D0-DI)/FIM1
DZ=H/FJM1

DO 200 I=1,IM
FI=I-1

D0 200 u=1,uM
FJ=Ju=-1
R({I»J)=0.5%DI+FI*DH
Z(IvJ)=FJU%RDZ
CONTINUE

CALL SUBROUTINE TO CALCULATE CrD+KD+KS+PDsPSePL
CALL CAND (IMrJIMsMyCKeCPrCF)

OMPONENTS OF PATCH HEAT

2505

2502

<000

IF(INFLU.LE.0)GO TO 2502

IP=1

PA=PAN(IP)

IP1=1IP+1

AP=PAx%x3, 14159265/360-*(R(IP1 1)**2-R(IP01)**2)
PH==1./AP

CONTINUE :

DO 2000 N=1,NM

FN=N

HEATO‘PH*PA/360-¢
HEAT(N)-(2.*PH*SIN(FN*PA*PI/36O ) )/ (FN*P1I)

INITIALIZE wF AND WwB

4001

500

6000

D0 2001 K=1/,KM
wB(K)=0,.0

DO 2001 I=1,IM
TT(I¢K)=0.0
WF(IrK)=0.0

START MODE LOOP

IF(INFLU.GT.0) GO TO 6000
WRITE(6,500)
FORMAT(/7/7//31H CONVERGENCE OF MODAL RESPONSES//

11Xr4HMODE » 11X s 1LOHHEAT INPUT»4Xe1HI»4Xs1HJ»10Xs 10HDEFLECTION,
29X ¢ 11HTEMPERATURE)

DO 2002 NT=1,NMP -
N1=3 ,

NC=NT=-1

IFI(NC.EQs0)IN1=2

JM3I=N1*UM

Lcv=JM3

IUM=IM*UM3

CALL STIFF(EsVIALFrIMsJUMINCrCK CF)
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o000

OO0

(e X e X el

REARRANGE KD AND KS AND FORM KL FOR POTTER

DO 50 I=1.IM
DO 50 Li=1,UM3
DO 50 L2=1rdM3
50 KL(L1,L2eI)=KD(L1eL2,1)
DO 51 I=1,IM
DO 51 Li=1,JM3
DO 51 L2=1,JM3
51 KD(IsL1lrL2)=KL(L1sL2s1)
DO 52 I=1,IM
DO 52 L1=1,JM3
DO 52 L2=1»JM3
52 KL(L1,L2oI)=KS(L1eL291)
DO 53 I=1.IM
DO 53 L1=1»UM3
DO 53 La2=1rJuM3
53 KS(IeL1leL2)=KL(L1eL2:I)
DO S4 I=2,IM
DO 54 L1=1,JM3
DO 54 Le=1rUM3
54 KL(IeL1rL2)=KS(I=-1,L2rL1)

INITIAL CONDITIONS ON TEMPERATURE

IF(NC.NE.O) GO TO 131
DO 37 I=1+M
37 TC(I)=TI
G0 TO 132
131 DO 133 1=1sM
133 Tc(I)=0.0
- 132 CONTINUE

INITIALIZE DISPLACEMENTS

DO 24 L1=1.1IM
DO 24 L2=1,UM3
24 U(L1.L2)=0.0

RADIATION FROM FRONT

FC=NC
DO 20 L1=1,M
X(L1)=0.0
<0 @1(L1)=0.0
IF(NC.NE.O) GO TO 22
DO 21 Li=1,IM : '
LR=L1*xJM
21 Q1 (LR)=Q1(LR) + TO*QR(L1)
c2 CONTINUE '

SET UP AND INVERT EFFECTIVE CONDUCTIVE MATRIX IN A
DO 2 L1=1eM

DO 2 L2=1¢M

A(LI*L2)=C(L1rL2r1)+FCHFCXC(LLIL2s2)
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sNeNe!

99

coo

OO0

OO0

OO0

73

45

o0

i0

50
70

28

02

01

62

IF(L1.EQsL2)A(LL/L2)=A(L1,L2)+2.0*%D(L1)/DELT
CONTINUL
CALL INVERT(A/Mr75)

INITIALIZE SOLUTION AND HEAT INPUT

DO 99 I=1,IM1

P(I)=0.0

STEP BY STEP SOLUTION

IPR=0 '
IF(CP.GT. 0.0001) G0 TO 73
NTP=2
IPRINT=1
DO 6 II=1,NTP
DO 45 Ki=1.M
X(K1)=0.0
FI=I1-1
TIME=FI*DELT

IF(II1.EQ.1)60 TO 40

IPR=1IPR+1
HEAT INPUT ON BACK

IF(NC «NEe. 0) P(IP)=HEAT(NC)

IF(NC «£Q. 0) P(IP)= HEATO

DO 28 L=2s1IM1

Iu=(L=1)*JM+1

Qi (IJ)=aB (L. L-l)*P(L-1)+QB(LvL)*P(L)
Q1(1)=08(1,1)*P(1)

12=M+1-UM

Q1(I2)=aB(IMy IM1)*P(IM1)

SET UP THE COMBINE HEAT INPUT VECTOR

DO 3 L1=1,M
Q(Ll)_2 O*D(Ll)*TC(Ll)/DhLT +Ql(L1)

CALCULATE THE NEW TEMPERATURE

DO 10 Li=1eM

DO 10 L2=1eM
X(LL)=X(L1)+A(L1,L2)*Q(L2)
IF(CP.LT.0.0001) GO TO0 70
DO 4 Liz=1,M
TC(L1)==TC(L1)+2.*X(L1)

IF (IPReNE. IPRINT)GO T0 &
IPR=0

CONTINUE
IF(CP.GT.0.,0001)G0 TO 5000
DO 62 Li=1M

TCc(L1)=X(L1)
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OO0

SET UP THE THERMAL FORCE VECTOR

2000 IF(NC.NE.O) GO TO 71
' DO 55 Li=1M
55 TC(L1)=TC(L1)~-Tl
71 DO 41 L1=1,1IM
DO 41 L2=1,UM3
41 F(L1,L.2)=0.0
DO 43 Il1=1.IM
DO 43 L2=1+,uM R
DO 43 J=1oJM
DO 42 K=1oN1
L1=N1x(J=1)+K
L3=UMx(11-1)+L2
Ly=L3+JM
L5=L3=-JM
F(I1eL1)==PD(L1sL2sI1)%TC(LI)+F(I1l,L1)
IF(IL.NESIMIF(ILoLL)SF(I1eL1)-PS(L1,L2,I1)%TC(LY)
F(IZ L1)=F(IL1eLl)=PL(LL1,L2:I1-1)%TC(L5)
42 CONTINUE
43 CONTINUE

IMPOSE BOUNDARY CONDITIONS

N=NC
IF(N.NE.O)GO TO 49
DO 44 L1=1,JuM3
IF(IXeNE«1)KS(IX=1+L102)=0.
IF(IXeNE«IMIKL(IX+1rL1»2)=0.
KD(IXsL102)=0.
KS(IXr2:L1)=0.0
CIF(IXeNE«LIKL(IXr2+/L1)=060
44 KD(IX»2¢:L1)=0.0
KD(IXe2,2)=1.0
F(IX»2)=0.0
GO0 .TO 48
49 IF(N+NE.1)GO TO 48
DO 47 L2=1,3
DO 46 Li=1»JUM3
KS(IXeL2,L1)=0.0
. IF(IXeNE«1IKL(IX/L2rL1)=0.0
46 KD(IXeL2¢/L1)=0.0"
KD(IXeL2sL2)=1.0
47 F(IXrL2)=0.,0
48 CONTINUE .
DO 9000 Li=1,JM3
DO 9000 L2=1,JM3
9000 AS(LirL2)=KL(2eL1rL2)
WRITE(609002) ((F(L1rL2),L2=1+15)L1=1,15)
9002 FORMAT(15E8.3) :
CALL MATINV(AS»JIM3+SSe0,DETMe IPIVOT» INDEX,MMe ISCALE)
WRITE(6+6001)NeDETM
6001 FORMAT(5H N = »12¢5Xe7HDETM = »E20.8)
CALCULATE DISPLACEMENTS

calLL POTTER (KLeKD*KS»FoUrMATeLCV2AS»DK+DKK»DKKK e IPIVOT» INDEX 1220
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: 4SPPISPPPrQ2¢P1¢SAPrSSeSP2SSSerMMeLL)
40 CONTINUL

WRITE(6+9003) ((U(L1,L2),L2=1+15),L1=1,15)
9003 FORMAT(7H U(I»J)/(15E8.3))

6 CONTINUE
c
CUMPUTE wB AND WF
C

IF(NC.NE.0)GO TO 4000

DO 4001 L1=1,M
4001 TC(L1)=TC(L1)+Tl1
4000 CONTINUE

- DO 2003 K=1+KM

FN=NC

FK=K

WB(K)=WB(K)+U(ISsN1)*COS(FN*(FK=1.)*PI*2. /FKM)

DO 2003 I=1r,IM

IT=I*UM

TT(I+K)STT(I,K)+TC(IT) *COS(FN*(FK=1, ) *PI%*2 . /FKM)
2003 WF(IsK)=WF(I,K)+U(I 'JMS)*COS(FN*(FK-I ) XPI%*2,/FKM)

OO0

OUTPUT RESULTS OF A MODE

IF (INFLUGT.0)60 TO 2002
1=1
J=JUM
JUSUENL
JJUJSUMEX (I-1) +J
WRITE(6¢501) NCrP(IP) eI, JrUCT2JU) 2 TC(JJUY)
501 FORMAT(IS+E20.8221502E2(.8)
2702 CONTINUE
002 CONTINUE
DTHD=360./FKM »
IF (INFLU.GT.0)GO . TO 3000
WRITE (601501)
DO 1006 K=1/rKM
WRITE(6,1505)
FK=K=-1 :
THD=FK*DTHD
DO 1006 I=1r1IM
1006 WRITE(6¢1502) 10K R(IodM)oTHDvWF(IoK)oTT(I K)
WRITE(601503) -
DO 1007 K=1,KM
FK=K~1
THD=FK*DTHD
1007 WRITE(6+1504)KrRS» THD 2 WB(K)

- ROTATION OF OUTPUT FOR SUPPORTS

OO0

3000 CONTINUE
DIMENSION WBR(12) 1 WFR(150,12)
S1=1
1IF (INFLUL.LE.0)GO TO 2503
KP=1

¢503 CONTINUc
FKM=KM
FS2=52
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FS3=S3
DTHET=2 . *PI/FKM
DTHD=36uU./FKM

KR=KP=1
DO 1001 K=lekKM
KR=KR+1 :
IF (KReEQe KM+1) KR=1
DO 1002 I=1,1IM
1002 WFR(I+KR)=WF (IeK)
1001 WBR(KR)=wWB(K)
1000 CONTINUE
Wi=wBR(S1)
- W2=WBR(52)
W3=WBR(53)
. RS=R({IS.1)
THET2=(FS2-1.)*DTHET
THET3=(FS3~-1. )*DTHET
X1=RS
X2=RS*COS(THET2)
X3=RS*COS(THET3) -
Y2=RS*SIN(THET2)
Y3=RS*SIN(THET3)
DET=Y3k(X2=X1)+Y2%(X1=X3)
IF(DET«6T«0.,0001)GO TO 1003
WRITE(601510) -
11510 FORMAT(23H SUPPORTS LOCATED WRONG)
GO0 TO 72
1003 WO—((XZ*Y3-X3*Y2)*Wl-Xl*YS*W2+X1*Y2*W3)/DET
THX= ((X3=X2)*W1+(X1=X3)*W2+(X2=X1)*W3)/DET
THY=((Y3=Y2) xW1l=Y3%W2+Y2%W3) /DET
IF (INFLU.GT.0) GO TO 3001
WRITE(6¢1500) WO»THX»THY
2001 CONTINUE
1500 FORMAT(//35H RIGID BODY DISPLACEMENT PARAMETERS/17H Z=-TRANSLATION
1= ¢E15¢8¢5X013HX=-ROTATION = 'E15 8'5X913HY-ROTATION = vE15.877)
DO 1004 K=1+KM
FK=K A
DO 1005 I=1,IM
RI=R(IvrJM)
TK=(FK=1.0)*DTHET
XIK=RI*COS(TK)
YIK=RI*SIN(TK)
1005 WFR(I,)K)=WFR(I.» K)'WO‘YIK*THX*XIK*THY
XIS=RS*COS(TK)
YIS=RS*SIN(TK)
1004 WBR(K)=WBR(K)=WO- =YISKkTHX+XIS*THY
IF (INFLU.GT.0)GO TO 3002
WRITE (60,1501) .
DO 1506 K=1+KM
WRITE(6:,1505)
FK=K=1
THD=FK*DTHD
DO 1506 I=1,IM
1506 WRITE(6+,1502)I¢KeR(IsJIM) e THD» WFR(I'K)'TT(I'K)
3002 CONTINUE .
IF(INFLULLE.Q0)GO TO 72
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. WRITE(6+,5099) IPsKP

5099 FORMAT(6H IP = »IS5¢5XeS5HKP = ¢ 1I5)
WRITE(4+1600) ( (WFR(I»K),I=1sIM)oK=1sKM)

1600 FORMAT(6E13.8)

_WRITE(“o?OOb)((WFR(I:K)pI=leM)vK=11KM)
7006 FORMAT(6E13.8)
7005 CONTINUE
IF (INFLU.GT.0) GO TO 3003
WRITE (601503)
DO 1507 K=1rKM

FK=K=1
THD=FK*DTHD

1507 WRITE(6+,1504)KsRS» THD»WBR(K)

1501 FORMAT (29H Z-DISPLACEMENTS ON THE FRONT /774X 1HI v 4 X2 1HK» 10X
11HR» 14X s SHTHETA» 12X+ 1HWy 16X+ 11HTEMPERATURE)

1502 FORMAT(215+2E15.592E20.8)

1505 FORMAT (//) o

1503 FORMAT(//50H Z-DISPLACEMENTS AT THE SUPPORT RADIUS ON THE BACK//
14X » 1HK 2 14X 0 2HRS ¢ 13X+ SHTHETA » 10X s 1HW)

1504 FORMAT(I5¢3E20.8)

5003 CONTINUE

102 FORMAT(///739H TEMPERATURES AND THERMAL DISPLACEMENTSe///

119H NO«. OF GRID ROWS = »I59¢5X9220H NOe. OF GRID COLS. = 0 15/
2/18H MIRROR PROPERTIES/
320H CONDUCTIVITY» CK = yE15.6/21H SPECIFIC HEAT» CP = 'E15.6/
424H RADIATION FACTOR: CF = ¢rE15.6/29H REFERENCE TEMPERATURE, TO =
S51E15.67//724H SOLUTION TIMER CONTROLS/32H INTEGRATION TIME STEP» DELT

_ 6TA = 1E15.605X128HNUMBER OF TIME STEPS» NTS = v 15/7)

107 FORMAT(48H LINEAR COEFFICIENT OF THERMAL EXPANSION» ALF = rE15.6/

135H YOUNGS MODULUS OF ELASTICITY» E = »E15.6/ : _
321H POISSONS RATIOr V = 9E15.6/////7)

112 FORMAT(4F10.5) A
113 FORMAT(////16H MIRROR GEOMETRY//20H OUTSIDE DIAMETER = ¢F10.5/
1194 INSIDE DIAMETER = yF10.5/13H THICKNESS = ¢F10.5/12H F=NUMBER =
2 1F10.5//7) | 1 . -
IF(INFLULLE.0)GO TO 72 -
KP=KP+1 S
IF(KP.GT.KM)GO TO 2504
60 TO 2503
<504 IP=IP+1
IF(IP.LE.IM1)GO TO 2505
12 CONTINUE
STOP
END
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CAND
SUBROUTLINE CAND(IMyJUMsM,CKeCP»CF)
- COMMON ReZ
COMMON /CND/C+D?QR/@QB
DIMENSION C(75¢7502)¢D(75)9R(15¢5)02(15,5)
DIMENSION CT(3¢302)90CQ(595,2)9GT(30302)DQ(U)rA(3+3)¢rF1(5¢5,2)7
oF2(51502) 06(5¢502)91D1(5)»D2(5) ¢GQA(3)»QR(15),@B(15,14)
DIMENSION RZ(3)r2ZR(3)¢X(10)
IM1=IM=-1 v ,
JM1zUM-1 SRR
DO 20 Li=1,M
D(L1)=0.0
DO 20 L2=1/M
DO 20 L3=1.2
20 C(L1,L2,L3)=0.0
DO 47 L=1,IM
47 QR(L)=0.0
DO 60 M1=1,IM
DO 60 M2=1,IM1
60 QB (M1,M2)=0.0
DO 25 Li=1/,JM
D1(L1)=0.0
D2(L1)=0.0
DO 25 L2=1,UM
DO 25 L3=1.2
F1(L1,L2,L3)=0.0-
Fa(L1,L2,L3)=0.0
25 6G(L1,L2,L3)=0.0
DO 24 I=1,IM
DO 46 L=1eJM
Da2(L)=0.0
DO 46 LL=1r2
DO 46 K=1,UM
G(LeK/LL)=0.0
46 F2(L»KrLL)=0.0
DO 21 J=1l,UMi
IF (I1.EQ.IM)GO TO 21
Ri=R(IrdJ)
21=2(1rJ)
R2=R(I+1,J)
22=2(I+1,J)
R3ZR(I+1sJ+1)
23=2(I+1rJ+1)
RY=R(Iru+1)
24=2(IrJ+1)
R21=R2-R1
R32=R3=-R2
R41=R4-R1
R34=R3=R4
221=22-21
232=23-22
241=24-21
234=23-24 ' _
AREA= 5% (R41%Z41=R21%Z221=R32%Z32+R34*234)~-R32%x2Z221+RIH*Z41
ARZ «S* (RU1*%Z41) % (R142+ %R41/3.0) =« 5¥R21%Z21*(R1+2,%R21/3.)=R32*Z21%
3(R2++5%R32) =, 5¥R32%Z32% (R2+2+¥R32/34 ) + ¢ S¥kRIU*ZI4* (RY+2+ *¥R34/34) +R3
LUYxZ241%x (R4+.5%R34) :

-68- ,



AZ:-S*RHL*ZQI*(ZI+241/3.)-.5*R21*ZZI*(Zl+ZZl/3.)-RSZ*ZZI*(Zl*oS*ZZ
51)-.5*RéZ*Z32*(ZZ+Z$2/3.)+-5*R3“*234*(24+234/3.)+R34*Z“1*(Zl*.5*24
ol) .

RC=AR/AREA

ZC=AZ/AREA

DO 16 L1=1+5

DO 16 L2=1,5

DO 16 La=1.2
5 CQ(Ll,L2,L3)=0.0
DO 17 Li=1l.4
Da(Lli)=0.0
DO 15 K=1.4
IF(KeNE«1)GO TO 1
R1=R(1rJ)
21=2(1+J)

R2=R(I+1rJ)

22=2(I+1+J)

GO TO &4

IF(KeNE.2)GO TO 2
R1=R(I+1,J)

Z21=2(I+1,J)

R2=R(I+1rJ+1)

22=2(I+1,J+1)

G0 TO 4

IF(KeNE.3)GO TO 3
R1=R(I+1rJ+1)

21=2(1+1rJ+1)

R2=R(IrJ+1)

22=2(11rJ+1)

GO TO &4

IF(KeNE.4)GO TO 4
R1=R(IrJ+l)

21=2(1rJ+1)

R2=R(IrJ)

22=2(1+J)

R3=RC

23=2C ' ,
AT=0+5% (R2*23~R3%Z2+R3%Z1-R1*Z3+R1%22-R2*Z1)
A(101)=.5%(R2%Z23~R3%*22) /AT '
A(201)=.5%(22-23) /AT
A(3+1)=.5%(R3=-R2) /AT
A(102)=.5%(R3%Z1-R1%Z3) /AT
A(202)=.5%(23=-21) /AT
A(302)T.5%(R1=R3)/AT
A(1¢3)=,5%(R1*Z2=R2*21) /AT
A(203)=.5%(21=22) /AT
A(3¢3)=.5%x(R2=-R1)/AT

DO 5 L1=1,3

6Q(L1)=0.0

DO 5 L2=1+3

DO 5 L3=1r2
GT(L1,L2,L3)=0.0
CT(L1,L2vL3)=0.0
IF(ABS({R1-R2)+LT.0.000001)G0 TO 6
ALF12=(z1=-22)/(R1=-R2)
BET12=(22*%R1-Z21*R2)/ (R1=R2)
Go TO 7 :
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ALF12=0.0

BET12=0.0
IF(ABS(R2-R3).LT.0.,000001)60 TO 8
ALF23=(£2=23)/ (R2=R3)
BET23=(23%R2=22*R3)/ (R2=R3)
GO TO 9

ALF23=0.

BET23=0.

IF(ABS(R3=R1) . LT 0.,000001)G0 TO 10
ALF31=(23-21)/(R3-R1)
BET31=(Z1*R3~-23%R1)/(R3=-R1)
.60 TO 11

ALF31=0.0

BET31=0.0

CONTINUE

RZ(1)=R1

RZ(2)=Re

RZ2(3)=R3

ZR(1)=21

ZR(2)=Z2

ZR(3)=23

CALL INTGRL(RZ¢ZR¢X)
6T(2:201)=X(3)
6T(30301)=X(3)
GT(1r102)=X(1)
GT(1r20r2)=X(2)
GT(1¢302)=X(6)
GT(2r102)=X(2)
GT(2:212)=X(3)
GT(2¢302)=X(7)
GT(3r1r2)=X(6)
6T(3r202)=X(7)
6T(303r2)=X(10)

DO 50 L1=1,3

DO 50 L2=1,3

DO S0 L3=1,2

GT(L1oL2oL3)=CK%xGT(L1rL2sL3)

IF(JeNE.JUM1)GO TO S1

IF(KeNE«3)GO TO 51

SA=SQRT(1.+ALF12%%2)

N=1

GT(1rlr N)—GT(1'1'N)+CF*SA*(R1**2-R2**2)/2.
GT(192/N)=GT(1r2¢N) +CFxSA* (R1*%3=R2%%3)/3.0
GT(1e32N)= GT(1v3rN)*CF*SA*(ALF12*(R1**3-R2**3)/3 0+0.5
1*BET12% (R1*%2=R2%%2))

GT(2012N)=GT(1r2+N) .

GT(292/N)=GT(2¢2¢N) +CFXSA*0+25% (R1%kU4=R2%%xY)
GT(2¢3¢N)=GT (2031 N)+CFxSA%(0. 25*ALF12*(R1**4-R2**4)
1 +BET12*(R1*%x3-R2%%3)/3,0)

GT(3¢1'N)=GT(1¢3/N)

GT(3r2'N)=GT(2¢3¢N)

GT(303'N)=GT(3r3/N)+CFXSA*(0. 25*ALF12**2*(R1**4‘R2**4)+2 0xALF12
1 *BET12%(R1%%3=-R2%%3)/3.,0+0.5%BET12**2% (R1**2~R2%%2) )

_GQ(l)=CF*SA*0.5*(R1**2-R2**2)
GQR(2)=CF*SA* (R1*%3-R2*%*3)/3.0
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3

20

51

48

12

1

GQ(3):CF#SA*(ALFIZ*(RI**3-R2**3)/3-0+005*BET12*(Rl**Z‘RZ**Z))
CONTINUE

DO 48 L1=1,3

QR(I)= QR(I)*A(LI!Z)*GQ(LI)

IF(I1.EQ.IM)GO TO 48

GR(I+1)=QR(I+1)+A(L1r1)%xGQ(L1)

CONTINUE

DO 12 L1=1,3

DO 12 L2=1,3

DO 12 L3=1,3

DO 12 L4=1.3

DO 12 L5=1,2
CT(LL1/L2/LS)=CT(L1/L2/LE)+A(L3 L1)*GT(L3vLU LS)*A(LYL2)
DR(K)=DQ(K) +.5%GT(2¢r292)*%CP/CK

IF(K.EQ.4)GO TO 31

DA(K+1)=DQ(K+1)+.5%6T(2,2+,2)*CP/CK

G0 TO 3¢
DR(1)=DQ(1)+.5%6T(2+2¢2) *CP/CK
CONTINUE

- DO 14 Li=ir2

13
14

18

19

CQ(KrKrL1)=CQ(KsKrL1)+CT(1,1rL1)
CQ(Ke5rL1)=CQ(Kr5rL1)+CT(1+3,L))
IF(K.EQ.4)GO TO 30
CR(KsK+1oL1)=CT(1r2,L1)
CQ(K+1oK+1rL1)=CQ(K+1rK+1,L1)+CT(2:,2,L1)
CQ(K+1'b'Ll)-CQ(K+1'51L1)+CT(2'30L1)

60 TO 13

Ca(lrlrll)=Ca(lr 11L1)+CT(202rL1)
Callegel)=CT(1,2,L1)
CQ(1¢59L1)=CQ(1¢SrL1)+CT(2,3rL1)
CQ(5'S'Ll)-CQ(S!S.L1)+CT(3v30L1)
CONTINUE

IF(J.NE.1)GO TO 15

IF(K+NE.1)GO TO 15

IF(1.£Q.IM)GO TO 15

SAR= SQRT (1. +ALF12%%2)/(R1=-R2)

QB(IvI)= SAR®(R2*%2+R1%*R2=2.0%R1%%*2)/6.0
QB(I+1r1)= SAR*(2.0*%R2*%x2~R1*R2~R1%%*2)/6.0

"CONTINUE

DO 19 Li=1.2

DO 18 L2=2+5

Ly=L2~-1

DO 18 L3=1rL4

CQ(LZ.LJ:LI)’CQ(L3:L20L1)

DO 19 L2=1+4

DO 19 L3=1,4

ca(L2,L3,L1) CQ(L2vL3'L1)~CQ(L2950L1)*CQ(L3v5'Ll)/CQ(5v50L1)
DO 40 L3=1.2
F1(JeJriL3)=F1(JrJeL3)+CQl1v1eL3)
F1(Jed+1eL3)=F1(JrJ+1,L3)+CQ(1r4,L3)
FL(J+1rJ+1oL3)=F1(J+10J+1L3)+CA(4 o 4L3)
F2(JerJdrL3)ZF2(JrJelL3)+CQ(2029L3)
F2(Jed+leL3)=F2(JeJ+1L3)+CQ(203,L3)
F2(J+1eJd+1eL3)=F2(J+10J+1,L3)+CQA(3¢3,L3) -
G(JrJrL3)=6(JrJrLI)+CQ(102,L3)
G(JrJ+1oL3)=G(JrJ+1¢L3)+CQA(1Lr 3L 3)
G(J+1oJrL3)=G(J+1rJrL3)+CQ(4r2,L3)
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40

21

22

26

23
24

27

G(J+1pJ+19L3)=6G(J+1rJ+1,L3)+CA(4s3,L3)

CONTINUE
D1(J)=D1(J)+DA(L)
D1(J+1)=Dp1(J+1)+DQA(H)
D2(J)=D2(J)+DA(2)
D2(J+1)=D2(J+1)+DQA(3)
CONTINUE '

DO 22 L3=1,2

DO 22 Li=1ruM

DO 22 La=L1,yM

IR=UMX (I-1)

LR=IR+L1

LC=IR+L2
C(LR’LC,L3)=F1(L1rL2/L3)
FiriLl,L2/L3)=F2(L1sL2,L3)
DO 26 Li=1,UM
IR=JM%(I=1)

LR=IR+L1

D(LR)=D1(L1)
D1(L1)=p2(Ll)
IF(I.EQ.IMIGO TO 24

D0 23 L3=1.,2

D0 23 Li=1,uM

DO 23 L2=1,uM
IRTUMx(I~1)

LR=IR+L}

LC=IR+JIMEL2
C(LR'LCrLI)=G(LL1,L2rL3)
CONTINUE

DO 27 L3z1l.2

DO 27 Li=2M

LimM=L1-1

DO 27 L2=1,L1M
C(L1rL2oL3)=C(L2,L1,L3)
RETURN

END
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STIFF

SUBROUTINE STIFF (EeVeALF IMe JMeNeCKeCF)

COMMON Rr2

COMMON/STIF/KDeKSePDrPS,PLYD

REAL LAMesMUIKD*KTrKQrKS

DIMENSION R(15o5)vZ(lS'b)'KD(15n15v15)oKS(15'15r15)'PD(15o5'15)'
1PS(15¢5014) ¢ PL(15¢5¢14),D(75975)

DIMENSION A(3¢3) +NNC(10) »RT(993)+KT(9+9)rKQ(15+15)sPT{(9¢3)
2PQ(15+5) 16T (3¢302)rCAL5,592) v CP(5+5) vDA(Y) +GA(3) 1 LCT(3r3¢2)
DIMENSION RZ(3)92ZR(3)+X(10)

FN=N

IM1=IM=-1

JM1ZUM=-1

LAM=VXE/ ((1e+V)*(1e=2. *v))

MU=0.S*E/(1.4V)

BETZALF* (3¢ *LAM+2%MU)

E1=LAM+*2 « xMU

NN(1)=1

NN(2)=3

NN{(3)=4

NN(&)=6

NN(5)=7

NN(6)=9

NN(7)=10

NN(8)=12

NN(9)=13

NN(10)=15

INITIALIZE

DO 101 L1=1r15
DO 101 L2=1,15
Do 101 L3=1.,15
KS(L1,L2eL3)=0.0"
101 KD(L1,L2,L3)=0.0
DO 102 L1=1,15
DO 102 L2=1+5
DO 102 L3=1.15
102 PD(L1,L2yL3)=0.0
DO 222 L1=1,15
DO 222 L2=1+5
DO 222 L3=1r14
PLILLI»L2,L3)=0.0
222 PS(L1,L2,L3)=0.0

OUTER LOOP ON I BEGINS HERE
DO 402 I=1,IM1
INNER LOOP ON J BEGINS HERE

DO 21 J=lrUM1
INITIALIZE FOR 1»J QUAD
DO 104 L1=1015
DO 104 21015

104 Ka(L1,L2)=0.0

-73-



105

16
17

601

602

DO 105 L1=1,15

D0 105 L2=1+5
Pa(Ll,L2)=0.0
R1=R(IrJ)
21=2(IrJ)
R2z=R(I+1,J)
22z=2(1+1:J)
R3=R(I+1rJ+1)
Z23=2(I+1eJ+])
R4=R(IrJ+1)
Z4=2(1rJ+1)
R21=R2-R1
R32=R3-R2
R41=R4-=R1
R34=R3=R4
221=22~-21
232=23~22
241=24~21
234=Z23=24
AREA-.S*(R41*Zu1-R21*221-R32*Z32+R34*234)-R32*Z&1+R34*241
ARS 5% (R41%Z41) % (R1+2.%R41/3.0)=s5%R21%221* (R1+2.%R21/3,)~R32%Z21%
3(R2++5%R32) =, 5%R32%232% (R2+2+*¥R32/3,+ )+ 5*kRI4U*234* (R4+2+*R34/3.) +R3
GUxZU1* (RY4+e5%R34)
AZ=+5%RY1%Z41%(Z14+241/3.)=.5%R21%221%(Z21+221/3., )=R32%Z221%(Z1+.5%22
51)=e5%R32%232%(Z22+232/3, )+ S*¥RIUXZIY% (ZU4+Z34/3. ) +RIU*ZUL1%(Z]1+.5%2Z4
61)

RC=AR/AREA
Z2C=AZ/AREA

DO 16 L1=1.5

DO 16 L2=1+5

DO 16 L3=1,2
Cal{LLl,L2,L3)=0.0
DO 17 Li1=1ir4
Da(Ll)=0.0

DO 15 K=1i,4

DO 601 L1=1,9

DO 601 L2=1,9
KT(L1.L2)=0.0

Do 602 Ll1=1,9

DO 602 L2=1,3
PT(L1,L2)=0.0
IF(KeNE.1)GO TO 1
R1=R(IrJ)
21=2(1rJ)
R2=R(I+1,J)
22=2(I+1i+J)

G0 TO &4
IF(KeNE«2)GO TO 2
R1=R(I+1.J)
21=2(1+1,J)
R2=R{I+1,J+1)
22=2(I+1sJ+1)

60 TO &
IF(KeNE.3)GO TO 3
R1=R(I+1,J+1)
21=Z(I+1rJ+1)
R2=R(IrJ+l)
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2222 (109+1)
G0 TO 4 :
IF (KeNE.4)GO TO 4
Riz=R{(IrJ+l)
2122(1ru+l)

- R@=R(IrJ)

22=2(1vJ)
R3=RC
23=2C

AT=0. 5*(R2*ZB-R3*22+R3*ZI°R1*Z3+R1*22 -R2%*21)

A(1r1)=.5%(R2%23-R3*22) /AT
A(211)=.5%(22-23)/AT
A(3r1)=.5%(R3=~R2) /AT
A(192)=.5%(R3%21-R1%*Z3) /AT
A(2012)=¢5%(23-21) /AT
A(3+2)=.5%(R1=-R3) /AT
A(193)=.5%(R1%Z2~R2%*Z1) /AT
A(203)=.5%(21~-22) /AT
A(3¢3)=.5%x(R2=-R1)/AT

DO 5 L1=1+3

Ga(L1)=0.0

DO 5 L2=1+3

DO 5 L3=1.2
GT(LL,L2,L3)=0.0
CT(L1,L2,L3)=0.0
IF(ABS(R1-R2)+LT+0.000001)60 TO 6
ALF12=(z£1-22)/ (R1=R2)
BET12=(22*R1-Z1%*R2)/ (R1-R2)

60 TO 7

10

11

ALF12=0.0

BET12=0.0

IF(ABS(R2=R3) «LT.0. 000001)60 TO 8
ALF23=(22-23)/(R2=R3)
BET23=(Z23%R2-22*R3)/ (R2=R3)
60 TO 9

ALF23=0.

BET23=0.
IF(ABS(K3=R1).LT.0.,000001)6G0 T0 10
ALF31=(23-21)/(R3=R1)
BET31= (Ll*R5-23*R1)/(R3 ~R1)
G0 TO 11

ALF31=0.0

BET31=0.0

CONTINUE

RZ{1)=R1

RZ(2)=R2

RZ2(3)=R3

ZR(1)=21

ZR(2)=2Z2

Z2R(3)=23

CALL INTwRL(RZvZR X)
GT(2029r1)=X(3)
GT(39301)=X(3)
GT(1e1r2)=X(1)
GT(1e202)=X(2)
GT(10r302)=X(6)
6T(20r102)=X(2)
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GT(20202)=X(3)

GT(20302)=X(7)

GT(3r1e2)=X(6)

6T (3r202)=X(T7)

6T(30302)=X(10)

RIL14ZRIk kY =R *%xY

R313=R3*%3=R1%*3

R23U=R2*x4=-RIxk%kY

R233=R2**3=R3%*3

R312=R3*x2=R1%**2

R232=R2**2=R3**2

GD1=0,25% (ALF31=-ALF12)*R314+4 (BET31~BET12)%R313/3.0+0+25% (ALF23~
4ALF12)*R234+(BET23-BET12) *R233/3.0

6D2=0.125% (ALF31%%x2-ALF12%%2) *R314+ (ALF31%BET31-ALF12*BET12) * R
5313/3.04.25% (BET31%%2~BET12%%2)*R312+0125% (ALF23*%*2-ALF12%%2) %
6R234+(ALF23*BET23-ALF12*BET12)*R233/3.0+.25*(BET23**2-BET12**2)*
2R232
GDB:(ALF31**3-ALF12**3)*R314/12.0+(ALF31**2*8ET51-ALF12**2*BET12
6)%R313/3.0+0.5% (ALF31*BET31%%2-ALF12%BET12%%2)*R312+(BET31**3- BE
7T12**3)*(R3-R1)/3.0+(ALF23**3—ALF12**3)*R234/12-0+(ALF23**2*BET23-
8ALF12**2*BET12)*R233/3.oto.5*(ALFZS*BETZS**Z-ALFI2*BET12**2)*R232+
9(BET23*%% 3~BET12%*3)*(R2=R3)/3.0 o '

FORM KT AND PT FOR TRIANGLE

INSERT A

Yi=1.

Y2=1.

IF(N.EQs0)Y1=2.

IF(N«EQ.0)Y2=0.

DO 209 I1=1:3

DO 209 Ji=1:3

AI=A(1r]1I1)

BI=A(2011)

DI=A(3r11)

AJU=A(1rJ1)

BJ=A(2,J1)

DJU=A(3rJ1)

GG1=G6T(2¢201)

GG2=AJ*GT(112¢2) +BJ*GG1+DJI%GT (2030 2)

GG3=AI*GT(1+2r2) +BI*GG1+DIXGT(203+2)
GGQ:AI*AJ*GT(1(1v2)+(AI*BJ+AJ*BI)*GT(1'202)+(AI*DJ+AJ*DI)*GT(
11¢302)+BI*BU%G6L+(BI*DJ+BI*DI) *GT(29392)+DI*DJI*GT(3+3¢2)
GGS=AI*GG1+BI*GD1+DI*GD2 :
GG6=AI*AJ*GT(1v2r2)+(AI*Bd+AJ*BI)*GGL%(AI*DJ+AJ*DI)*GT(2v392)+
1BI*BJ*GD1+(BI*DJ+BJ*DI) xGD2+DI*DJ*GDJ o
GG7=AI*GG1+BI*GD1+DI*GD2

DO 208 L1=1+3

DO 208 L2=1+3

LR=(I1-1)%3+L1

LC=(Jl=1)%3+L2

IF(L1.NE«1)G0 TO 202

IF(L2.NE.1)60 TO 200

PT(LR»J1)=BET*Y1*GG5*BJ ' . '
KT(LRsLC)=Y1*(EL*BI*BJ*GG1+LAM* (BI*GG2+BU*GG3) +E1%GGYH) +Y2%xFN*FN
2kGGY*¥MU+Y1%xMUXDI*DU*GGL -

60 TO 208

200 IF(L2.NE.2)GO TO 201
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OO0

KT(LRsLC)ZY14FN* (LAM*BI*GG2+E1%GGY ) +Y2%MUx (GG4=-BJ*GG3) *FN

GO TO 208
201 KT(LRsLC)=Y1%(LAM*DJU* (BI*GG1+GG3) +MU*DI*BJU*GG1)

G0 TO 208
202 IF(L1.NE.2)60 TO 205

IF(L2.NE.1)60 TO 203 ~

PT(LRyJ1)==BET*FN*Y2%6G6

KT(LRsLC)SY1xFN* (LAMXBUXGGI+E1%GGY ) +Y2xMUKFN* (GG4-BI*GG2)
60 TO 208
203 IF(L2.NE.2)60 TO 204

KT(LRsLC)= Y1*FN*FN*E1*GG“+Y2*MU*(BI*BJ*GGl-BI*GGZ-BJ*GGS+GGQ+DI

3%DJ*GG1)-

60 TO 208
204 KT(LR,LC)=Y1kLAMKFN*DJ*GG3-Y2*MUXFN*DI*GG62

GO0 TO 208
205 IF(L2.NE.1)60 TO 206

PT(LRyJ1)=BET*Y1*%DJ*GG7

KT(LRvLC)—Yl*(LAM*(DI*BJ*GGI+DI*GGZ)+MU*DJ*BI*GGI)

60 TO 208
206 IF(L2.NE.2)60 TO 207 |

KT (LRsLC) =Y 1%L AM*FN*DI*GG2-Y2*MU*FN#DJ*GG3

60 TO 208
207 KT(LRsLC)= Yl*(El*DI*Dd+MU*BI*BJ)*GGl+Y2*MU*FN*FN*664
208 CONTINUE
209 CONTINUE

SUBROUTINE TO CALCULATE RT

D0 210 Il1=1,9
DO 210 J1=1,3
210 RT(Il,J1)=0.0
Y3=1. . _
IF(JeEQel1AND.KeEQ.1)6G0 TO 211
IF(JeEQ.JM1.AND«K+EQe3) GO TO 211
Go TO 212 '
211 CONTINUE
GRl-RZ**4/12.-RZ**Z*RI**Z/Z +2-*R2*R1**3/3.-R1**4/4.
GR2=R1**3%R2/6¢~R1%¥%4/12,=R1%¥R2%%*x3/6.+R2*%4/12.
GR3=R2**§ /4 =2+ ¥R1%R2%%3/3, +R1**2*R2**2/2.-Rl**4/12{
BBB=BET*Y1*Y3/ (R2=R1)**3
RT(101)=BBB*(Z2-Z1)*GR1
RT(3¢1)==1.%BBB* (R2=R1) *GR1
RT(401)=8BB*(22-21) *GR2
RT(6¢1)=-1.%BBB*(R2=R1)*GR2
RT(1¢2)=RT(4,1)
RT(3¢2)=RT(6,1)
RT(4r2)=BBB*(Z22-21)*GR3
RT(602)==-1.%BBB*(R2=R1)*GR3
DO 213 11=1,9
DO 213 J1=1.3 '
213 PT(I1,J1)=PT(I1rJ1)=RT(I1» dl)
212 CONTINUE
IF(I1.EQe1.AND.K.EQ.4) GO TO 221
IF(I1.EQ.IM1.AND.K.EQ.2)G0O TO 221
60 TO 225
221 CONTINUE
GRUS=Z2*%4/12 ,=22%*2%xZ1%%2/2. +2-*22*Zl**3/3--21**4/4-
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GRE=Z1*%3%22/6s=Z1%%4/12,=Z1%Z2%%3/6.+22%%4/12.
GROTZ2¥ %Y/ Y o= o X271 %22% %3/ 3 +Z1 %% 2%kZ2%%2/2 4 =21 %% /12
OR7=Z2%%3/3¢=22%%2%21+22%21%%2=21%%3/3.
GRB=Z1*%%2%22/2¢=21%%3/6.,~21%22%%2/2, +22**3/6o
GRO=Z1%%2%22=Z1%%3/3¢~21%Z22%%24+22%%3/3,
ALP=(R2=-R1)/(22~21)
BEP=(R1%22~-R2%21)/(22-21)
BBB=BET*Y1%xY3/(Z2=21)*%3
RT(101)=BBB*(22=21)*(ALP*GR4+BEP*GR7) -
RT(3'1)-BBB*(R2'R1)*(ALP*GR4+BEP*GR7)*(—1 Q)
RT(4r1)=BBB*(22-21)*(ALP*GRS+BEP*GRS8)
RT(6'1)-BBB*(R2'R1)*(ALP*GR5+BEP*GR8)*( 1.0)
RT(1,2)=RT(4,1)
RT(3¢2)=RT(6,1) .
RT(402)=BBB*(Z22~21)*(ALP*GR6+BEP*GR9)
RT(602)=BBB* (R2=-R1)* (ALP*GR6+BEP*GR9) *(=-1,0)
DO 223 11=1:9 v
DO 223 Jl1=1:3
223 PT(I1»J1)=PT(I1¢J1)=RT(I10J1)
225 CONTINUE
c
C FORM CT
C
DO 50 L1i=1+3
DO 50 L2=1,3
DO 50 Li=1,2
S0 GT(L1, L2rL3)-CK*GT(L1 L2,L3)
IF(JeNE.JM1)GO TO 51
IF(KeNE+3)GO TO 51
SA=SQRT (1. +ALF12%%2)
GT(1r1r1)=GT(101s1)+CF*SA*(R1%%2=R2%%2)/2,
GT(19v2r1)=GT(1e2¢1)+CF*xSA*(R1%%*3=R2%%x3) /3, »
GT(1'3'1)—GT(l93r1)+CF*SA*(ALF12*(R1**3-R2**3)/3.+.5*BET12*(R1**2
3=R2%%2))
GT(2+191)=6T(1r2,1)
GT(202¢1)=GT(292¢1)+CF%SA* 25k (R1%¥x4=R2%%k)
GT(29¢301)=GT(2¢3¢1)+CF%xSA*(0.25%ALF12% (R1%*4=R2%%x4)+BET12%x (R1%%*3
1 =R2*%3)/3.0)
GT(3¢1¢1)=GT(1¢3r1)
GT(30r211)=GT(203r1)
GT(39311)=GT(3¢3¢11)+CFRSA*(0.25%ALF12%%2% (R1*%xU4=R2%%x4)+2,0%ALF12
1 *BET12*(R1*%%3~R2*%*3)/3.0+0. 5*BET12**2*(R1**2-R2**2))
51 CONTINUE
DO 12 Li=1+3
DO 12 L2=1:3
DO 12 L3=1,3
. DO 12 L4=1,3
DO 12 Ls=1lr,2"
12 CT(L1, LdoLS)_CT(Ll'L2vL5)+A(L3'L1)*GT(L3'L40L5)*A(L40L2)

C NOW FOR THE QUADRILATERAL

DO 300 K1=1,3
DO 300 K2=1¢3
KR=3*(K=1) +K1
KC=3*(K=1)+K2
KR5=12+K1
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KC5=12+K2
KRR=3%K+K1
KCC=3%K+K2
KQ(KRyKC)=KQ(KR?KC)+KT(K1rK2)
KQ(KRIKCS5)=KQ(KRrKCS)+KT(K10K2+6)
KQ(KRS!KC):KQ(KRS:KC)+KT(K1+6-K2)
IF(K+EQ.4) GO TO 301
KQ(KRIKCC)I=KQ(KRrKCCI+KT (K1rK2+3)
KQ(KRR?KC)=KQ(KRR?KC)+KT(K1+3+K2)
KQ(KRR?KCC)=KQ(KRR?KCC) +KT (K1+3,K2+3)
KQ(KRR?KC5)=KQ (KRR KCS) +KT (K1+391K2+6)
KQ(KRS»KCC)=KQ(KRS»KCC)+KT(K1+6+K2+3)
60 TO 302
301 KQ(K1rK2)=KQ(K1rK2)+KT(K1+30K2+3)
KQ(KL1oK2+49)=KQ(K1rK2+9) +KT(K1+39,K2)
KQ(K1+99K2)=KQ(K1+9,K2) +KT (K11 K2+3)
KQ(KRR?K2)=KQ(KRR?K2) +KT(K1+691K2+3)
KQ(K1oKCC)=KQ(K1/KCCI+KT(K1+391K2+6)
302 KQ(KR5¢KC5)=KQ(KR5,KC5)+KT (K1+6+K2+6)
300 CONTINUE :
DO 303 K1=1,3
KR=3* (K=1) +K1
PQ(KR+K)=PQ(KR'K)+PT(K1,1)
PQ(KR+5)=PQ(KR¢5)+PT(K1,3)
PQ(K1+12¢K)=PQ(K1+12,K)+PT(K1+601)
IF(K.EQs4) GO TO 304
PQ(KR1K+1)=PQ(KR/K+1)+PT(K1r2)
PRIKR+3¢K)=PQ(KR+3¢K)+PT(K1+3r1)
PQ(KR+3rK+1)=PQ(KR+3rK+1) +PT(K1+3,2)
PQ(KR+3¢5)=PQ(KR+3¢5)+PT(K1+3+3)
PQIK1+12/K+1)=PQ(K1+12/K+1)+PT(K1+6:2)
60 TO 305
304 PQ(K1,4)=PQ(K1r4)+PT(K143r1)
PQ(K1+5)=PR(K1¢5)+PT(K1+3¢3)
PQ(K1+49¢1)=PQ(K1+9,1)4+PT(K102)
PQ(K1¢1)=PQ(K1r1)+PT(K1+3»2)
PQ(K1+1201)=PQ(K1+12,1)+PT(K1+692)
305 PQ(K1+12+5)=PQ(K1+12+5)+PT(K1+6¢3)
303 CONTINUE
DO 14 Li=1,2
CQ(KeKrL1)=CQ(KeKoLL)+CT(101rL1)
CR(K?5rL1)=CQ(K?S5sLL)I+CT(123rL1)
"IF(KeEQ.4)GO TO 30
CQ(KvK+1vL1):CT(1929L1) : .
CQIK+1rK+1sL1)=CQ(K+1rK+1oL1)+CT(2,2,L1)
CQ(K+1¢5,L1)=CA(K+125,L1)+CT(2¢30L1)
' G0 TO 13
30 CQllrlrLl)=CQllrlrL1)+CT(2,20L1)
CQllrerL1l)=CT(1r2,L1) '
CQ(1¢5:L1)=CQ(19S5rLLI+CT(2030L1)
13 CQ(5¢5,L1)=CQ(5¢5,L1)+CT(303rL1)
14 CONTINUE '
DO 18 Ll1=1+.2
DO 19 Lz2=2+5
Ly=L2-1
DO 19 L3=1,L4
19 Ca(L2,L3rL1)=CQ(L3rL2rL1)

-79-



OO0

18
15

500

- 802

000

800
801

306

307

309

308

310

CONTINUE
CONTINUE

DO 500 L1=15
DO 500 L2=1/5
CP(L1,L2)=Ca(L1rL2s1)+FN*FN*CQ(L1sL2¢2)

NEED TO ELIMINATE MIDDLE NODE

INSERT A

N1=3

IF(N.NE.0)GO TO 801
N1z2

DO 800 M1=1,10
M3=NN (M1)

DO 802 M5=1+5
PQ(M1yMS)=PQ(M3+M5)
DO 800 M2=1+10
M&=NN (M2)

K@ (M1, Mz)-K@(Ms.Mu)

CONTINUE
N2=2*N1
N3=3*N1
N4=4*N1

DO 306 K1=1,N1
DO 306 K2=1sN1

D(K1rK2)=KQ(K1+NY4rK2+N4Y)

CALL INVERT(DeN1,75)

DO 307 K1=1.N&

DO 307 K2=1rN4

DO 307 K3=1rN1

DO 307 K&4=1,N1

L3=K3+N4

Ly=K&+Ny

KQ(K1, Ka)—KQ(Kl'K2)-KG(K1vLS)*D(KBrK“)*KQ(LQ'KZ)

DO 309 Li=1,N4

DO 309 L2=1r4

Pa(Ll, L2)-PQ(Ll'LZ)-PQ(LIvS)*CP(SvLZ)/CP(SOS)

DO 308 L1=1,N1

DO 308 i2=1r4 ,
PQIN4+L1rL2)=PQ(NU+LL1,L2)-PR(N4+L1»5)*CP(5,L2)/CP(5,5)
DO 310 L1=1/N4

DO 310 L2=1r4

DO 310 K1=1/N1

DO 310 K2=1rN1

Pa(Llr,L2)=PQ(L1r L2)-KQ(L1vK1+N4)*D(K1 K2)*PQ(N4+K20L2)'

ASSEMBLE THE ROW MATRICES KD+KSePDePS

DO 400 K1l=1»,N1
DO 400 K2=1+N1
KR=N1*(J=1)+K1
KC=N1x(J=1)+K2
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KD(KRo»KCrI)=KD(KR?KCrI)+KQ(K1,K2)
KD(KReKC+N1 e I)=KD(KReKC+N1»I)+KQ(K1rK2+N3)

KD (KR+NLrKCr I)=KD(KR+N1,KCr I)+KQ(K1+N3»K2)

KO (KR+N1eKC+N1¢ L) =KD (KR+N1¢KC+NL1oI)+KQ(K1+N3+1K2+N3)
KD(KRoKCrI+1)=KD(KReKCoI+1)+KQ(K1+N1sK2+N1)
KD(KRoKC+NL1rI+1)=KD(KRrKC+NL1rI+1)+KQ(K1+N1rK24N2)

KD (KR+N1»KC s I+1)=KD(KR+N1sKCrI+1)+KQ(K1+N2+K2+N1)

KD (KR+NLeKC+N1r L+1) =KD (KR+N1oKC+N1rI+1)+KQ (K14+N2rK2+N2)
KS(KReKCrI)=KS(KReKC?I)+KQ(K1oK2+N1)
KS(KRyKC+N19»I)=KS(KRrKC+N1»I)+KQ(K1rK2+N2)

KS(KR+N1+KCrI)=KS(KR+N1,KCr»I)+KQ(K1+N3rK2+N1)

4oo

KS(KR+N10KC+N1!I)=KS(KR+N10KC+NlrI)+KQ(K1+N3DK2+N2’

'CONTINUE

DO 401 K1=1rN1

KR=N1*(JU=1) +K1

PD(KReJrI)=PD(KRrJ» I)+PQ(K1r1):
PD(KRyJ+10I)=PD(KReJ+1,1)+PQ(K1r4)
PD(KR+N1'dvI):PD(KR+N1'JoI)+PQ(K1+N3v1)
PD(KR+N1!J+1vI);PD(KR+N1'J+1'I)+PQ(K1+N304)
PD(KRyJr I+1)=PD(KRrJr I+1)+PA(K1+N1s2)
PD(KRoJ+1vI+1)=PD(KR.J+1:I+1)+PQ(K1+N1o3)
PD(KR+N1¢Jr I+1)=PD(KR+N1+sJr I+1)+PQ(K14N2,2)
PD(KR+N12J+19I+1)=PD(KR+N1sJ+19I+1)+PQ(K1+N2¢3)
PS(KReJr I)=PS(KRrJr I)+PQ(K102)
PS(KRyJ+10I)=PS(KRrJ+19I)+PQ(K1,3)
PS(KR+NL1rJrI)=PS(KR+N1rJrI)+PQ(K1+N3,2)
PS(KR+N1rJ+1/»I)=PS(KR+N1»2J+1¢1)+PQ(K1+N3»3)

"PL(KReJr I)=PL(KRyJrI)+PQ(K14N1rs1)

ko1
21
hoe

PL(KRsJ+1¢I)=PL(KRrJ+1¢I)+PQ(K1+N1+4)
PL(KR+NL1»Jr I)=PL(KR+N1rJr 1) +PQ(K1+N2s1)
PLIKR+N1rJ+1/,I)=PL(KR+N1rJ+1rI)+PQ(K1+N2,4)
CONTINUVE

CONTINUE

CONTINUE

RETURN

END
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INTGRL
SUBROUTINE INTGRL(ReZ¢X)
REAL ICON+ICONPeIZvIZPo1220122P
DIMENSION R(3)9Z2(3)eX(10)eXI(10)0AI(10)
RI=R(1)
RJU=R(2)
RK=R(3) _
DATACXIC(I) vAI(I)»I=1+10)/=¢97390653¢.066671344,~.86506337r.1494513
15r=¢67940957+.219086361=.43339539+ .26926672»~. 14887434 ,29552422
2o 14887434:.29552422:.43339539».26926672r.67940957:.21908636:
Se 86506357..14945135v.973906539.0666713Q4/
DO 2001 Ni1i=1,10
2001 X(N1)=0. ' '
Cxxxkx CALCULATION OF INTEGRALS BY GAUSSIAN QUADRATURE
70 RMIN=AMIN1(RI*RJ!RK)
RMAX=AMAX1 (RIrRJPRK)
DO 7 N1z=1,3
7 IF(ABS(R(N1)=RMIN).LE.0,00001)I1=N1
DO 8 N1=1,3
8 IF(ABS(R(N1)=RMAX) LE+0.00001)I3=N1
DO 9 N1=1,3
9 IF(NL.NE+I1.ANDeN1.NE.I3) I2=N1
R1=R(Il)
R2=R(I2)
R3=R(I3)
21=2(11)
22=2(12)
23=2(13)
FAC=1,.0
DR12=ABS(R1~R2)
DR13=ABS(R1=R3)
IF(R1.6T.0.0001)G0 TO 100
IF(DR12.LT+0,0001.0RDR13.LTs0e 0001)FAC=1000. 0
100 CONTINUE
S12=(22~Z1)/(R2=R1)
S$13=(23-21)/(R3=R1)
$23=(23-22)/(R3=R2)
DR=R2=R1
DRP=R3=R2
DO 12 Ni=1,10
RR=R1+DR* (XI(N1)+1.)/2.
RRP=R2+DRP*(XI(N1)+1.)/2,
221=S13*%(RR=R1)+Z1
221P=S13x(RRP-R1)+21
222=S12*%(RR=R1)+21
223=5S23*% (RRP=R2)+22
ICON=ABS(222-221)
ICONP=ABS(223-221P)
1Z2=(221%%2=2722%%2) /2.
IF(Z221.LT.222) 12= =12
12P=(Z2Z1P*%2=Z223%%2) /2.
IF(Z2Z21P.LT.223) 1IZP= =1zP
122=ABS(Z2Z2%%3=2Z1%%*3)/3.
122P=ABS5(2Z23%%3=-2Z1P*%x3)/3,
D0 10 N2z=i1r,5 o
X(N2)=X(N2)+AI (N1)*ICONP*RRP** (N2-2) *DRP
10 IF(ABS(RR)+GT«0.0000001)
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1X(N2) =X (N2) +AT (N1)* (ICON®RR** (N2=2) *DR)
DO 11 Negz=6+9 '
X(N2)=X(N2)+AI(N1)*I12P*RRP** (N2=7) *DRP
11 IF(ABS(RR) «GT«0.0000001)
1X(N2)=X(N2)+AT (N1)* (IZ*RR** (N2=7) *DR)
12 X(10)=X(10)+AI(N1)*(IZ22/RR*DR+IZ2P/RRP*DRP)
DO 13 Ni=1r10
13 X(N1)=X(N1)/2.
X(1)=FAC*X(1)
X(6)=FAC*X(6)
X(10)=FAC*X(10)
RETURN
END
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POT

TER ' : _
SUBROUT INE POTTER(AoBvCpDLvZoMAT'LCV'ASrDKpDKKrDKKKpIPIVOTvINDEXv
1Z2+1SPPSPPPrQeP?»SAP»SSrSP9eSSSeMMeLL)

CHANGED 5 MARCH 71 FOR DIMENSION STATEMENT CONTINUITY

Cx

c
C

vV

1

ARIABLES MM AND LL ADDED TO ARGUMENT LIST

DIMENSION AS(LLsLL) eDK(LLoLL) #/DKK(LLPLL) DKKK(LLoLL)?

1 ZZ(LL'I)vSPP(LL)'SPPP(LL)'Q(MMrLL)(Z(MMQLL):P(MMrLL'LL)r
2 SAP(LL)!SS(LL)rSP(LLoLL)oSSS(LL)oA(MMtLL'LL)'B(MMrLLoLL)v
3 C(MMrsLLoLL)DL(MMeLL) ‘

DOUBLE PRECISION DETERM

DIMENSION IPIVOT(LL)»INDEX(LL,2)

M=MAT ' .

N=M=1

NMAX=LL

DO 1 I=1l.LCV

DO 1 J=1rLCV

CiMrIrJ)=0.

C LOGIC TO STATEMENT 22 CALCULATES P1 AND @2 MATRICES

DO 4 I=1lrLCV

DO &4 J=1,LCV "

AS(I+J)=A(2¢1I0J) .

CALL MATINV(ASqLCV'ZZvOoDETERMoIPIVOTOINDEX'NMAXOISCALE)

. DO 15 I=1rLCV

15

16

17

i8

19

20

21

DO 15 J=1,LCV

DK(IrJ)=s0 :

DO 15 K=1sLCV o

DK(IoJ)=DK(IrJ)+B(1rIrK)*AS(KeJ)

DO 16 I=1.LCV

DO 16 J=ieLCV

DKK(I,J)=0,

DO 16 K=1rLCV

DKK(IosJ)=DK(IeK)*B(2¢KrJ) +DKK(Ir»J)

DO 17 I=1,LCV ’

DO 17 J=1rLCV.

DKKK(I ¢ J)=DKK(IrJ)=C(1rIrJ) . :
CALL MATINV (DKKK»LCV #2220+ DETERMs IPIVOT» INDEXs»NMAX» ISCALE)

DO 18 I=1.LCV
DO 18 J=1rLCV
SP(IrJ)=0.
DO 18 K=1.LCV .
SP(I'd)=SP(1'J)*DK(I'K)*C(Z'K'J)
DO 19 I=1.LCV
DO 19 J=1rLCV
P(ZOIOJ):OQ
DO 19 K=1,LCV
P(20I0J)=P(2910J)+DKKK(I2K)*SP(K»J)
DO 20 I=i.LCV '
SPP(I)=0.
DO 20 K=1sLCV |
SPP(I)=SPP(I)+DK(I»K)*DL(2¢K)
DO 21 I=1.LCV
SPPP(I)=SPP(I)-DL(1,1)
Do 22 I=1.LCV

-84~



Q(201)=00 :
DO 22 K=1rLCV
22 Q(2+1)=Q(2,1)+DKKK(I»K)%xSPPP(K)
C
C LOGIC TO STATEMENT 23 CALCULATES!IN A LOOP» THE Q@3.+¢¢QM AND THE
C P2 TO PM MATRICES
C
DO 23 L=3M
DO 24 I=1.LCVY
DO 24 J=1rLCV
DK(I'\J)=00
DO 25 K=1sLCV
25 DK(IvJ)=DK(IoN+A(LeIvK)*P(L=1rKrJ)
24 DK(IvJ)==DK(I»J)+B(LeIrJ)
CALL MATINV (DK!LCV'ZZvOoDETERMoIPIVOTvINDEXvNMAXvISCALE)

DO 26 I=1.LCV
DO 26 J=1¢LCV
P(LeI»J)=0,
DO 26 Kz=1i(LCV .
26 P(LeIoJ)=P(LeIrJ)+DK(IrK)*C(LrKrJ)
DO 27 I=1.LCV
SAP(I)=0.
DO 28 K=1r,LCV
28 SAP(I)=SAP(I)+A(LeIvK)*Q(L=1» K)
27 SAP(I)==SAP(I)+DL(L.I)
DO 29 I=1rLCV
Q‘L'I)z‘)o
DO 29 J=1ir,LCV
29 QILeI)=Q(Ls1)+DK(I»J)*SAP(J)
IF(L.EQ.M) GO TO 50
60 TO 23
50 DO 30 I=1.LCV
30 Z(Le1)=@(Lr1)
23 CONTINUE

OO0

LOGIC TO STATEMENT 32 CALCULATESs IN A LOOP, THE 23 TO Z(M-1) MATRICES

. M=N=2

DO 32 L=1M

K=M=L+3

DO 32 I=1.LCV

Z(K'I)-—Uo

DO 31 J=1,LCV
31 Z(K:I)—L(Krl)+P(KoIrJ)*4(K+19J)
32 Z(KeI)==Z(KeI)+Q(Kel)

C REMAINING LOGIC CALCULATES Zz1 AND Z2

DO 33 I=1.LCV
SAP(I)=.0
DO 33 J=1.LCV
33 SAP(I)=SAP(I)=SP(I,J)*Z(3¢J)
DO 34 I=1slLCV
34 SAP(I)=SAP(I)+SPPP(I)
DO 35 I=1eLCV
Z(2:1)=.0
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95

36

37
38

40

DO 35 J=1sLCV

Z(211)=2(2¢1)+DKKK (I+J)*SAP(J)

DO 36 I=1sLCV

SS(I)ze0

DO 36 J=1/LCV

SS(I)=SS(I)+B (20 10J)*Z(20J)

DO 37 I=lsLCV

SSS(1)=40

DO 37 J=1sLCV

SSS(I)=SSS(I)+C(20TrJ)%Z(30J)

DO 38 I=1,LCV ‘

SSS(I)==SSS(1)=SS(I)+DL(2¢1)

DO 40 I=1sLCV.

Z(1+1)=.0

DO 40 J=1sLCV

Z(101)=Z(19 1) +AS(I2J)*SSS(J)
RETURN

END



INVERT
SUBROUTINE INVERT(DrACT,DIM)
INVERSION OF SYMMETRIC MATRIX
INTEGER ACTDIM
DIMENSION D(DIMeDIM)2LOC(76)
DOUBLE PRECISION DP
DP:].-DO
DO 1 N=1,ACT
1 LOC(N)=N
DO 6 N1=1,ACT
M=0
PIVOT=0,
DO 2 N2=N1rACT
NN=LOC (N2)
IF (ABS(D(NN/NN)).LE<ABS(PIVOT)) GO TO 2
M=Ne
PIVOT=D (NN NN)
2 CONTINUE - »
IF (M.EQ.0) GO TO 8
N=LOC (M)
LOC(M)=LOC(N1)
LOC(N1)=N
D‘N'N)=‘10
DO 3 J=1,ACT
3 DI(NeJ)=D(NeJ)/PIVOT
DO 5 I1=1,ACT
I=LOC(I1)
IF (N.EQeI+ORD(I*N).EQ,0.) GO TO 5
DO & J1=I1,ACT
J=LOC (J1) '
IF (N.EQ.J) GO TO 4
D(I»o)=D(Iru)=DCIoNI*D(NrJ)*DP
D(Je I)=D(I0d)
4 CONTINUE
5 CONTINUE
DO 6 I=1,ACT
6 DI NI=D(NeI)
DO 7 I=1+,ACT
DO 7 J=1,ACT
7 D(IeJd)==D(IrJ)
RETURN
8 WRITE(6,9) ‘ o
9 FORMAT (42HOMATRIX IS SINGULAR = EXECUTION TERMINATED )
STOP ' '
END
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OO0

(s NoN g

OO0

OO0

OO0

100

MATINV

10

20
30

40
4>
50
6V
70
8V
8o
v
95

105

i0e

110

130
140
150
le0
170
200
205
210
220
230
250

26U

270
310

4000

SUBROUT INE MATINV(A:N vBsMeDETERM, IPIVOT» INDEX+NMAX» ISCALE)
MATRIX LINVERSION WITH ACCOMPANYING SOLUTION OF LINEAR EQUATIONS

DIMENSIUN A(NMAXeN)#B(NMAXsM)» IPIVOT(N) » INDEX (NMAXr2)
EQUIVALENCE (IROWeJROW) s (ICOLUMeJCOLUM) ¢ (AMAXe To SWAP)

INITIALIZATION

ISCALE=U
R1=10.0%%x18
R2=1.0/R1
DETERM=1.0
DO 20 J=1eN
IPIVOT(U)=0
DO 550 I=1¢N

SEARCH FOR PIVOT ELEMENT

AMAX=0+0

DO 105 J=1N

IF (IPIVOT(J)=1) 60¢ 105¢ 60

DO 100 K=1r¢N

IF (IPIVOT(K)=1) 80¢ 100¢ 740
IF (ABS(AMAX)'ABS(A(J!K)))8501000100
IROW=J

1COLUM=K

AMAX=A(JrK)

CONTINUe

CONT1NUE

1F (AMAX) 11001060110
DETERM=U.0

1SCALE=U

GO TO 740
IPIVOT(lCOLUM)’IPIVOT(ICOLUM)+1

INTERCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL

1F (IROW-ICOLUM) 140+ 260+ 140

DETERM==DETERM

DO 200 L=1eN

SWAP=A (IROWrL)
ACIROWrL)=A(ICOLUMIL)
A(ICOLUM/L)=SWAP

IF(M) 260s 2600 210
DO 250 L=1r M

SWAP=B (IROW,L)

B IROW#L) =B ( ICOLUMsL)
B(ICOLUMsL)ZSWAP
INDEX(I¢1)=IROW

INDEX (I+2)=1COLUM : '
PIVOT=A(ICOLUMs ICOLUM)

SCALE THE DETERMINANT

PIVOTI=PIVOT
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fe X2 X8

OO0

OO0

4005
4010

4020

4030
4040

4050

1060

1070

4080

4090
<000

<¢01u
320

330
34y

350
355
36V
370

3gv
390
400
420
430
45u
455
4ev
500
550

60U
610
620
630
640

1F(ABS(UETERM)-R1)103001010'1010
DETERM=DETERM/R1

1SCALE=1SCALE+] .

IF(ABS (DETERM)=R1)1060¢102001020
DETERM=DETERM/R1

ISCALE=ISCALE+L

G0 TO 1060

1F (ABS(LDETERM) =R2) 1040 1040 1060
DETERM=DETERM*R1

ISCALE=1SCALE=-1
IF(ABS(UETERM)=R2)105001050¢ 11060
DETERM=pETERM*R1

ISCALE=ISCALE=]
IF(ABS(PLVOTI)-R1)1090o1070o1070
PIVOTI=PIVOTI/R1

ISCALE=ISCALE+1
IF(ABS(PIVOTI)-R1)320 »108001080
PIVOTI=PIVOTI/R1

ISCALE=ISCALE+L

60 TO 320
IF(ABS(PIVOTI)-R2)2000o2000r320
PIVOTI=PIVOTI*R1 '
1SCALE=ISCALE=-1
IF(ABS(PIVOII)-R2)201092010v320
PIVOTI=PIVOTI*R1

ISCALE=1SCALE~-1
UETERM=DETERM*PIVOTI

DIVIDE PIVOT ROW BY PIVOT ELEMENT

A(ICOLUM» ICOLUM)I=1.0

DO 350 L=1rQN
A(ICOLUMIL)=A(ICOLUMIL) /PIVOT
IF(M) 380» 380r 360

DO 370 L=1/M
B(ICOLUM.L)—B(ICOLUM'L)/PIVOT

REDUCE NON=PIVOT ROWS

DO 550 L1=1¢N

IF(L1=-ICOLUM) 400» 550 400
T=A(L1r» LCOLUM)
A(LL»ICOLUM)=0.0

DO 450 L=1¢N

A(L1eL)= A(leL)-A(ICOLUMvL)*T
1IF (M) 550¢ 550 460

DO 500 L=1M

B(LLlr L)-B(leL)‘B(ICOLUMoL)*T
CONTINUE

INTERCHANGE COLUMNS

DO 710 1=1sN

L=N+1-1I

1F (INDEX(Lel)- INDEX(Loa)) 6300 7100 630
JROW=INDEX(Le1)

JCOLUM=INDEX (Le2) 89



650
660
670
700

705

710
740

DO 705 K=1+N
SWAP=A (K »JROW)

A(KsJROW)ZA (K » JCOLUM)

A (K2 JCOLUM) SSWAP
CONTINUE
CONTINUE
RETURN
END :
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MAIN ‘
C PROGRAM TO COMPUTE OPTIMAL CONTROL
C
c ' _
DIMENSION IHP(50)0ISP(180)+A(1800169)+B(50¢50)+C(50,180)+D(50050)»
i WD(lBU)oWW(l&O)
BN=1.0
C INITIALIZATION
DO 12 I=1,180
wD(I)=0,.0
WW(I)=000
ISP(I)=v
DO 11 J=1.,50
11 C(Jr1)=0.0
DO 12 J=1r168
12 A(I¢J)=0.0
DO 20 I=1,50
IHP(I)=0.0
DO 20 J=1.50
20 B(I»J)=0.0
READ(5¢50) IMeKMsDI»DOrFNO
50 FORMAT(2I5»3F10. 5)
RI=DI/2.0
R0O=D0/2.0

INPUT SAMPLE POINT AND HEATER. LOCATIONS

OO0

READ(5¢100) NHP»NSP
100 FORMAT(215)
READ(S50110) (IHP(I)sI=1,NHP)
110 FORMAT(1615) :
READ(5¢120) (ISP(I)»I=1,NSP)
120 FORMAT(1615)
WRITE(69259)
259 FORMAT(29H INDICES OF HEAT PATCH POINTS//QX'IHI'ZXoBHIHP)
DO 260 L1=1/NHP
260 WRITE(6:261) L1rIHP(L1)
261 FORMAT(2I5)
WRITE(60262)
262 FORMAT(25H INDICES OF SAMPLE POINTS//HXrlHIvZX'SHISP)
DO 263 L1=1/NSP
263 WRITE(6,261) L1,ISP(L1)

INPUT MATRIX A AND COMPUTE REDUCED MATRIX .

000

READ(4¢130) ((A(I,J)eI=1, 180)9J‘1 169)
130 FORMAT(6E13.8)

SUBTRACT OUT SPHERICAL PART OF A(IsJ)

OO0

DIMENSION THET(15)+BE(15),Y(15)
FIML=IM=-1

FKM=KM

RF=2+0*DO*FNO

SI=.5*DI/RF
CI=SQGRT(1.0-SI*SI)

SO=+5%DO/RF
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OO0

39

61
62

63

150

200

1938

199

197

195

250

CO=SQRT(1.0=50%S0)
THETI=ATAN(SI/CI) .
THETO=ATAN(S0/CO)
UTHET=(THETO-THETI)/FIM]1
THETO=THETO=-DTHET
B2=0.0 '

DO 39 I=1.,IM
THET(I)=THETI+(I=-1)*DTHET
BE(I)=COS(THET(I))/COS(THETO)=-1.0
DO 63 KH=1/NHP

JHZIHP (KH)

WB=0.0

82=0.0

DO 61 Is=1/NSP
IZISP(IS)/IM
IZISP(IS)=I*IM
JSZISP(IS)

WB=WB+A (JS»JH)*BE(I)
B2=B2+BE(I) **x2

DO 62 I=1,IM
Y(I)=wB/B2*BE(I)

DO 63 IS=1e¢NSP -
IZISP(IS)/IM
I=ZISP(IS)=I*IM
JSZISP(IS)
A(JSrJH)=A(JS»JH) =Y (I)
DO 150 I=1/,NSP

DO 150 J=1/NHP
IszISP(1) o

JH=IHP (J)
A(I»J)=A(IS,UH)

TO COMPUTE  I=-A(1/ATA)AT

DO 200 I=1s,NHP

DO 200 J=1/NHP

DO 200 K=1rNSP
B(I»J)ZB(IvJ)Y+A(KeI)*A(KrJ)*BN
DO 198 L1=1,NHP

DO 198 L2=1/NHP .
D(LirL2)=B(L1,L2)/BN

CALL INVERT (Be*NHP»50)

DO 199 L1=1,NHP

DO 199 L2=1/NHP

B(L1'L2)= BN *B(L1,L2)

DO 197 I=1+NHP

DO 197 J=1/NHP

DO 197 K=1+NHP
C(IvJ)=C(IvJ)+B(IrK)*D(KrJ)
DO 195 I=1+NHP

DO 195 Jz1/NHP

C(IvJ)=0.0

DO 250 I=1»NHP

DO 250 J=1/NSP

DO 250 K=1+NHP ,
C(I»JI=C(Ir)4B(IvKIX*A(JPK)
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COMPUTE WD

RS=RI+ (RO-RI)*(IM=2)/(IM=1)
DO 500 1=1,1IM '

DO 500 Ju=1/KM -
KoIM%(J=1)+]
R=RI+(RO=RI)x(I=1)/(IM=}1)
TH=0.5235988% (J~1)
ARG=3.,1415927*R/RS

500 WD (K)=SIN(ARG)*#2

0Coo

OO0

SUBTRACT OUT SPHERICAL PART FROM WD

wB=0.0
D0 300 I5=1/NSP
JS=ISP(IS)
IZISP(IS)/IM
. IZISP(IS)=I*IM
300 WB=WB+WD(JS)*BE(I)
- DO 301 I=1,IM '
301 Y(I)=BE(I)*wB/B2
‘ DO 302 IS=1/NSP
JS=ISP(IS)
IZISP(IS)/IM
IZISP(IS)=I*IM
302 WD(JS)=wD(JS)=Y(I)
IKM=IM*KM
WRITE(6r264)
264 FORMAT (12H DISTURBANCE)
WRITE(6+265) (WD(K) oK= lrIKM)
265 FORMAT(15E8.3)
DO 550 K=1¢NSP
- IS=ISP(K)
550 WD(K)=WD(IS)

COMPUTE PERFORMANCE INDEX

AJ1Z0.0
DO 600 I=1/NSP
600 AJLZAJL1+WD(I)**2
DO 700 I=1sNSP
 DIJ=0.0 B
DO 700 J=1#NSP
IF(1.EQ.J) DIJ=1.0
. DO 701 KS1s/NHP
701 DIJSDIJ=A(IK)*C(Ked)
700 Ww(I)=WW(I)+DIJ*WD(J)
" AJ220,0
DO 750 L=1sNSP
750 AJ2ZAJ2+WD (I)*Ww (I)
WRITE(6+1000) ‘AJ1sAJ2
1000 FORMAT(//46H THE PERFORMANCE INDEX BEFORE COMPENSATION IS +E10.5¢
1//45H THE PERFORMANCE INDEX AFTER COMPENSATION IS +E10.5)
BJ1=SQRT (AJ1/NSP)
BJ2=SQRT (AJ2/NSP)
WRITE(6,1050) BJ1sBJ2

1050 FORMAT(20H RMS ERROR BEFORE = ¢E20.8/
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